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ABSTRACT
Vasu, Anoop. Ph.D., Engineering Ph.D. Program, Wright State University, 2014.
Influence of Curved Geometries on the Fatigue Life of Laser Peened Components.
Generating compressive residual stresses at the critical stress locations can
prevent or delay structural component failure. Laser peening is a well-known method for
inducing compressive residual stresses. The plastic deformation created by the planar
shock waves near the surface regions is the major cause for the generation of compressive
residual stresses. Apart from the planar waves, release waves at the border of impact are
generated that act against the plastic deformation created by planar waves. This decrease
of plastic deformation reduces the compressive residual stress generated near the surface
regions of peened components. Laser peening of curved geometries creates compressive
residual stresses—which is dissimilar to flat geometries—because of the influence of
release waves on different curvatures. This research investigates the effects of reduction
in the amount of plasticity in convex, concave, and flat geometries using the plastic
dissipation energy as the measure of plastic deformation imparted on the component.
Finite element models are created in Abaqus to predict the effects of “reduced plasticity”
in residual stresses generated on curved geometries of laser peened components. An
analytical formulation is derived based on the plasticity incurred inside the material and
the results are compared with the prediction by numerical simulation. The consistency in
the analytical formulation with the simulation model indicates the behavior of laser
peening for curved geometries. However, the compressive residual stresses can relax due
to the loading conditions and thus reduce the laser peening effectiveness. Under such a
condition, re-peening or re-laser peening a component already in service can further
increase its component life. This research develops a method to predict the optimal re	
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peening time for maximum fatigue life under realistic loading conditions. An
optimization problem is set up to illustrate the application of this method to an aircraft
lug problem. A novel surrogate modeling technique called the Sorted k-fold Approach
(SKA) is developed to perform the optimization. Results from the investigation indicate
that re-peening the component ~50-55% of its expected fatigue life maximizes the
component’s fatigue life. The proposed approach, proven to be able to obtain optimal
process parameters for improving the fatigue resistance of the component, can
significantly reduce the costs for experimental testing.
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Chapter 1
Introduction
This chapter introduces the phenomenon of the laser peening process and explains
its usefulness in improving the life of structural components for various applications in a
wide range of areas such as aerospace, medicine, automobile, power generation,
construction, petroleum, and nuclear industries. For comparison, a few alternative
methods are also discussed.
1.1

Surface enhancement methods
How to prevent failure in materials has been a great research interest all over the

world for centuries. It has been found out that cyclic loading is a major cause of failure in
many situations. There can be other contributing factors, such as manufacturing defects
and the presence of unfavorable residual stresses. But residual stresses can also play a
positive role and can enhance the life of the component, if applied properly. There exist
methods named Surface enhancement techniques (SET), which can induce favorable
residual stresses (mechanical SET) on surface regions of peened components to improve
the fatigue life of the component [1]. Heat treatment process such as Carburizing can also
improve the fatigue properties by increasing the surface hardness of the material. Figure
1.1 is a pictorial representation of the effect of the SET on the fatigue life of a material.
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Figure 1.1: Extended fatigue life in peened components
Figure 1.2 shows the mechanism behind the mechanical surface enhancement
methods. When the material is peened under loading, the surface region in contact would
be plastically deformed. The surrounding bulk material, which is elastically deformed,
tries to come back to its initial state generating compressive stresses in the surface region
while tensile stresses are created in the subsurface to attain static equilibrium in the
material. These methods are effective on solving problems such as tensile stress buildup,
the main reason of failure in many components. Surface enhancement techniques play an
important role in improving the life of the peened components by creating compressive
stress field on the surface, and thus, delaying or eliminating the crack initiation and
propagation inside the material [2]. In some cases, the growth of the initiated cracks can
be completely arrested [3].
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Figure 1.2: Mechanism of surface enhancement techniques
Shot peening is the most commonly used mechanical surface treatment method.
Other widely applied methods in the industry are low plasticity burnishing, water jet
peening, laser peening, roller burnishing, ultrasonic peening, peen forming, cavity
peening, etc. Shot peening, cavity peening, laser peening and peen forming are discussed
in the ensuing paragraphs.
1.1.1 Shot peening
Shot peening is the most commonly used surface treatment method and has been
used in a wide range of applications. A pictorial representation of shot peening and its
effect are shown in Figure 1.3 [4]. Small spherical balls are bombarded at the material
from a uniform medium. The impact of the balls causes the material to plastically deform
	
  

3	
  

	
  

on the surface and creates small indentations. The material below these indentations that
generates compressive stresses in the near surface regions prevents further compression.
This is found to increase the fatigue life of the peened components. The low cost of shot
peening compared with the other methods makes it attractive to many industries.
However, its low penetration depth and the damage caused to the surface of the
components limit its use.

(a)

(b)

Figure 1.3: Shot peening mechanism (a) Elastic-plastic boundary (b) Indentations
1.1.2 Cavitation peening
Cavitation peening, invented by Soyama, is a recent development in surface
enhancement. A high speed water jet injected into the water generates cavitation bubbles
around the jet. These cavitation bubbles collapse while impacting on the material surface,
and generate shock waves that result in plastic deformation on the material surface. This
method shows an improvement from shot peening in the fatigue life as well as in
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corrosion resistance. Cavitation peening is conducted inside the water while water jet
peening is done in the air. The former is advantageous because the coverage obtained by
cavitation peening is larger. A pictorial representation of the method is shown in Figure
1.4 [5]. With this method, the material surface is extremely smooth and peening narrow
regions such as gear teeth is possible. Like water jet peening, however, cavitation peening
cannot generate deeper compressive stresses.

Figure 1.4: Cavitation peening
1.1.3 Laser peening
A pictorial representation of a typical laser peening method is shown in Figure 1.5.
The target material is typically coated with an ablative overlay and confined by a
transparent overlay. When the laser pulse impacts the material, the absorbent material
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vaporizes and creates plasma. This plasma confined by the transparent overlay creates a
pressure pulse which is propagated into the material as a shock wave. When the stress
created by shockwave exceeds dynamic yield strength of the material, plastic deformation
of the surface microstructure occurs and compressive stresses are generated inside the
material, significantly more near the surface. The ablative overlay protects the material
surface from temperature effects and makes laser peening a purely mechanical process.
The transparent overlay confines the plasma from rapid expansion away from the
material surface which helps to obtain a high intensity pressure pulse into the material.
Black paint or tape is considered most of the time as the opaque overlay while flowing
water along the peening surface is usually taken as the transparent overlay.

Figure 1.5: Schematic of laser peening
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Laser peening generates deeper compressive stresses compared to other surface
treatments like shot peening, making it appealing to the industry. Figure 1.6 shows the
fatigue effect of the material Al 7075-T7351 treated by laser peening with comparison to
unpeened and shot peened materials (bending tests, R=0.1) [6]. Apparently, laser peened
material has an improved fatigue life.

Figure 1.6: Fatigue life comparison for Al 7075-T7351
Although conventional laser peening process takes advantage of the sacrificial
overlay, laser peening without coating (LPwC) has been employed for the underwater
maintenance of nuclear power plants in Japan [7]. This process results in surface
roughness and may have thermal effects due to direct ablation, but can increase in the

	
  

7	
  

	
  

fatigue life of the component. The method’s advantages in the application in remote
environments such as nuclear facilities make it a preferable choice for certain operations.
1.1.4 Peen forming
Peen forming methods, such as shot peen forming or laser peen forming, have
been developed to correct the distortions of parts caused by machining or other heat
treatments. These methods have also been used to shape the geometry of some
components (e.g. wing skins) in new generation aircrafts.

A laser peen formed

application (a 10 mm thick Aluminum) 7050 conducted by Metal Improvement Company
(MIC) is shown in Figure 1.7 [8]. Laser peen forming can be utilized to form complex
shapes and curvatures in materials such as wing skins [9].

Figure 1.7: Laser peen formed aluminum alloy
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1.2

Applications of the surface enhancement methods
Surface enhancement methods can be used in aerospace, automotive, medical,

nuclear and manufacturing industries. This section briefly introduces some of the
applications.
1.2.1 Aerospace applications

	
  

Surface enhancement methods have extensive applications in the aerospace
industry. One such example is the F-22 Raptor as shown in Figure 1.8, which is a twinengine fifth-generation fighter aircraft that uses stealth technology [10].	
  

	
  

Figure 1.8: Lockheed Martin/Boeing F-22 Raptor	
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In the fatigue life testing carried out on this aircraft, cracks in the wing attachment
lugs were identified, as shown in Figure 1.9 [11]. Location 1 indicates the region at the
lower lug profile that experienced the initial cracking approximately 1.2 lifetimes of
testing. This region was repaired during the test and after 2.5 lifetimes of testing another
crack emerged around the lug bore region (Location 2).	
  
	
  

	
  

Figure 1.9: Cracking at frame lug	
  
Replacing the lugs with new ones requires removing the part from the entire
assembly. Surface treatments serve the purpose of imparting favorable residual stresses in
the material surface thereby improving the fatigue life of such components.
Other aerospace applications include usage on engine parts, turbine blades,
fasteners, valves, transmission components, etc.	
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1.2.2 Automotive applications
Surface treatments have a variety of applications in the automotive industry as
well [12]. One specific application is in the racing car industry where the parts are
subjected to high impact cyclic loading conditions. Formula One cars can reach more
than 400 km/hr in a racing condition. These cars require ultimate performance to be
competitive with regard to speed, maneuverability, and safety. Figure 1.10 shows critical
components such as transmission gears, engine crankshaft, connecting rods, suspension
springs whose performance is improved with the use of the SET. To reach the required
lifetime of automobiles, earlier automakers used to increase the mass of the frame
structure to keep the high stress concentrated regions from cracking. Laser peening can
create deeper compressive stress in these frames without adding material. Hence, by
using the laser peening method, automobile manufacturers can produce light–weight
frames that are cheaper and achieve better fuel efficiency.

Figure 1.10: Automobile applications
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1.2.3 Medical applications
Surface treatment methods are also used in the medical industry to improve the
life and performance of medical accessories such as surgical tools, dentistry and
orthopedic implants (e.g. spinal and knee implants) [13]. Figure 1.11 shows pedicle screw
system for the lumbar area [14]. The standard rigid implant currently used in the medical
industry is facing challenge of bending and torsion loads. Laser shock peening has been
applied to restore the fatigue strength caused by machining instabilities. It has been
proven that the rigid spinal implant rod can be modified for flexibility and laser shock
peened to increase fatigue strength. This enhancement will enable the use of the implant
for longer periods and higher loads in surgical processes with or without fusion. This
technology can be readily applied to all metals that are certified to be used for human
implant, so the need for clinical trials is minimized.

Figure 1.11: Pedicle screw system
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1.2.4 Other important applications
As stated previously, laser peening is a useful method adopted widely in different
industrial areas. It can be used for aircraft wings, turbine blades, engine components,
valves and transmission components in aerospace, crankshafts, gears and frames in
automobile industry, orthopedic implants and surgical tools in medicine, etc. Nuclear
waste storage is another important place where the method can be used [15]. It has been
found that stress corrosion cracking in the final closure weld of canisters containing
nuclear waste causes the weld to fail prematurely (Figure 1.12(a)). Laser peening the
weld has been found to be very useful in reducing corrosion and cracking and allowing
the weld to last more than the required life of at least 10,000 years. Laser peening has
also been recently used for marking metal parts in manufacturing industry to prevent
counterfeits (Figure 1.12(b)). This method is considered superior to normal marking
methods such as etching, scribing and stamping because the high-resolution peened
marks are more resistant to wear.

(a)

	
  

(b)
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Figure 1.12: Nuclear and manufacturing applications (a) Stress corrosion cracking in
welded components (b) Laser peened marking
1.3

Laser peening mechanism
Some special features observed in the process of laser peening are discussed in

this section. The features are unique of laser peening among all surface enhancement
methods.
1.3.1 Pressure pulse generation
The vaporization of heated ablative material by laser beam generates plasma.
Confined plasma creates shock wave that is propagated into the material. The dynamic
nature of the shock wave generated by the laser beam is represented as a pressure pulse
having a temporal as well as a spatial profile. The laser pulse generated by the laser
source and the pressure pulse generated by the shock wave are monitored and the
temporal profile representing them is shown in Figure 1.13 [16]. This pressure pulse has
unique properties such as high peak pressure and very short pulse duration.
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Figure 1.13: Temporal profile of the laser pulse and the generated pressure pulse
1.3.2 High strain rate phenomenon
The shock waves generate high strain rates inside the material during the laser
peening process on the order of 106/sec. These high strain rates can play an important role
in determining the material behavior. It has been experimentally proven that many
materials are sensitive to high strain rate effects. It requires a higher stress to yield the
material in case of high strain rates when compared with a quasi-static process. The
stress-strain curve showing this high strain rate effect can be represented as shown in
figure 1.14 [17].

	
  

15	
  

	
  
	
  

Figure 1.14: Stress-strain curve showing the strain rate effect
Hugoniot elastic limit (HEL) is a measure to represent the dynamic yield stresses
due to high strain rate effect. The HEL is the axial stress required to plastically deform a
material in a uniaxial strain state and is represented as a function of dynamic yield
strength and Poisson ratio of the material as shown in Eq. 1.1 [18].

(1.1)

Here

	
  is the dynamic yield stress at the strain rate of interest and

	
  is the

Poissons ratio of the material. When the shock wave propagates into the material, the
pressure pulse amplitude drops (shock wave attenuation) as it goes deeper into the
material. When the stress wave magnitude goes below the HEL, no further plasticity
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occurs and the surrounding material representing the elastically deformed field
compresses the plastically affected region to achieve static equilibrium.
1.3.3 Plasticity in laser shock processing
Plasticity experienced in a high strain rate process like laser peening can be
explained by means of the dependence of plastic strain on impact pressure with the use of
the HEL as the measure, as illustrated in Figure 1.15 [18]. This model assumes a Von
Mises yield criterion along with a uniform pressure along the impact region. The first
step involves the elastic loading until the HEL is reached. The second step involves
plastic loading where plastic deformation occurs in the material. The third step is the
elastic unloading phase and the final step is the plastic unloading phase. When the impact
pressure is between 1 and 2 HEL, plastic strain can occur with a purely elastic reverse
strain. When the impact pressure is more than 2 HEL, elastic reverse strain gets saturated
and plastic reverse strain occurs. If the impact pressures are of the order of 2.5 HEL or
more, this can result in the spallation on the material. Hence impact pressure should be
optimized to obtain best results. Theoretically, a load of 2 HEL should give the maximum
compressive residual stress according to Figure 1.15. If the load is beyond 1 HEL,
permanent plastic deformation occurs. When the load is between 1 and 2 HEL, as the
plastic strain increases, the compressive residual stress also increases.
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Figure 1.15: Plastic strain under pressure loading
1.4

Chapter summary
This chapter introduced the basic concepts of using the SET to impart residual

stresses. It discussed briefly some commonly used SET, and pointed out that laser
peening, proving to be able to generate deeper compressive residual stresses and improve
fatigue life, had great potential to be applied in various fields.
	
  
	
  
	
  
	
  

Chapter 2
Background of Research
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This chapter first introduces briefly the development of research of laser peening
during the last fifty years, and encompasses the concept of residual stress relaxation and
its importance for estimating an accurate fatigue life. Then, it reviews state-of-the-art
techniques that can be utilized to optimize the fatigue life of laser-peened components.
Finally, the chapter suggests some potential advances for future research.
2.1

The origin of laser shock processing
The early 1960s marked the beginning of laser peening when researchers in the

U.S. and Russia (then U.S.S.R) found out that a high intensity laser beam could produce
high pressures, even higher than the laser beam itself, due to the evaporation of the
material surface generating rapidly expanding plasma [19, 20]. This expanding plasma
exerted a momentum impulse into the surface of the material [21]. Anderholm found out
that using a confining medium on the expanding plasma would achieve higher pressures
[22]. In 1969, tests conducted at the Battelle Memorial Institute in Columbus, Ohio
demonstrated that laser peening can be used to improve the metal properties [23]. This
discovery led to intensive research for the application of the laser peening process for
extending fatigue life and improving the strength of the peened components [24, 25]. But
the progress came to halt when the research failed to satisfy the industrial needs. The
investigations restarted again by the boost of automobile and aeronautical industries
supporting further research and development in France. Extensive experiments were
conducted to understand the mechanism of laser peening. Researchers in France did the
groundwork to come up with analytical models that described the pressure pulse
generated by the laser beam [26]. They also showed that a sharp rise laser pulse for the
temporal profile gave higher peak pressure when compared to Gaussian pulse shape [27].
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The most widely used method for the measurement of residual stress distribution
is the x-ray diffraction (XRD) method [28]. Other commonly used measurement
techniques in the industry include hole drilling method, slitting method, contour method,
etc.
2.2

Literature review

2.2.1 Review of residual stress prediction methods
Ballard created an analytical model for determining the surface residual stresses
and plastically affected depth [29]. This model assumed uniaxial strain and was based on
elastic-perfectly plastic solution. The shock wave propagation caused by laser peening is
a complex phenomenon and three-dimensional in nature. Because of the limitations of
analytical models in prediction, several researchers created simulation models based on
finite element analysis to predict the residual stress behavior. Braisted et al. created a
two-dimensional axisymmetric finite element model to predict the effects of laser
peening [30]. They considered a triangular ramp to model the pressure time history and
adopted a two-step simulation procedure (the explicit-implicit algorithm) to obtain results
for the dynamic analysis. Peyre et al. followed this approach and used experimentally
determined parameters such as pressure loading, dynamic yield strength and residual
stress (from XRD method) to validate the model [31]. Ding et al. extended the 2D model
to 3D modeling techniques and used quarter symmetric models to simulate a single shot
laser peening problem [32]. They also conducted two-sided laser peening for thin
specimens and observed the formation of tensile stresses in the mid-regions [33]. Yang et
al. verified the effect of different constitutive models for the laser peening simulation
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process [34]. Hu et al. conducted 3D laser peening simulations and considered the effect
of multiple shots [35]. They also constructed a symmetric cell with overlapped laser shots
that can be used for simulating large scale laser peening problems efficiently by
duplicating the residual stresses predicted in a single cell to others [36]. Singh et al. also
built 3D models and devised parametric optimization strategies to maximize the residual
stress induced in the component [37]. However, very few researchers have investigated
the effects of laser peening on curved geometries. Predicting the residual stress induced
in a curved geometry cannot be based on the trends obtained from a flat model since
neglecting the curvature effect can lead to an incorrect assumption of residual stress
profiles. Ding et al. conducted preliminary investigations on the effect of two-sided laser
peening on a cylindrical model in aluminum alloy using simulation models [38]. They
found out that tensile stresses were generated at the center of the cylinder and increasing
the diameter of the specimen could reduce the magnitude of tensile stresses. DeWald et al.
made residual stress prediction of complex three-dimensional geometries by applying
eigenstrain theory for reducing the computational costs [39, 40]. There have been
significant advances in computational capabilities and algorithms in recent years,
allowing large-scale simulations replicating practical applications to be conducted [41].
However, the accurate prediction and characterization of the residual stresses generated
by the laser peening process are important for determining the effect of laser peening on
fatigue behavior, since experimental prediction methods such as X-ray diffraction can
only create an averaged residual stress field and the local behavior that can contribute
considerably to the fatigue life is overlooked [42]. Once the residual stress field
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prediction is accurate, optimization methods can be utilized to predict the input
parameters required to maximize the component life [43].
2.2.2 Review of cyclic stress relaxation
Laser peening has emerged to be a popular surface treatment method because it
can significantly improve the fatigue performance of structural components by inducing
compressive residual stresses [44]. However, the process parameters should be carefully
chosen to obtain optimal performance; application without proper strategy can result in
unwanted tensile stresses and even reduction in the fatigue life [45]. The residual stresses
induced by different peening methods may also relax due to cyclic loading [46]. Laser
peening still shows an overall beneficial effect on the fatigue life of the specimen in spite
of the relaxation, but neglecting the relaxation effect would lead to over-prediction of the
fatigue life [47]. James proposed that the relaxation behavior due to cyclic loading can be
separated into three regimes based on the yield strength and the endurance limit [48].
When the stress exceeds the yield strength of the material, a complete redistribution of
the residual stress takes place and can cause rapid relaxation of initial compressive
residual stress [49]. When the stress is below the endurance limit, a relatively weak
relaxation can take place as found out by Pattinson and Dugdale [50]. In the case of
intermediate stress amplitudes, relaxation has been found to be a function of cyclic stress
amplitudes [51].
Morrow and Sinclair created an empirical model to predict the relaxation effect
based on axial fatigue test experiments [52]. Many other researchers followed up the
initial work to generate more experimental models to quantify cyclic stress relaxation.
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Jhansale and Topper suggested an exponential relationship between mean stress
relaxation and the number of cycles [53]. Kodama proposed a linear logarithmic
relationship based on the surface stresses on a shot peened material, and claimed that the
relaxation rate was proportional to stress amplitude [54]. But the Kodama model did not
account for the large first cycle relaxation existing in certain cases [55]. This large
relaxation is believed to happen when the combined effect of applied stress and residual
stress exceeds the yield strength of the material. Han et al. proposed an exponential
empirical model based on their observations of large first cycle relaxation compared to
the subsequent cycles [56]. This model predicted the relaxation effect after the first cycle.
James also proposed a model that predicted rapid relaxation in the initial cycles; it was
based on effective shear stress which acted on primary slip planes oriented at different
angles on the surface [57]. Holzapfel et al. investigated the synergistic effects of thermal
and cyclic relaxation in steels [58]. Zhuang and Halford proposed an advanced physicsbased relaxation model which could take into account parameters like degree of cold
working, stress ratio and stress gradient, and the results were comparable to those
predicted by finite element analysis [59]. Zaroog et al. proposed a simpler model with
number of loading cycles and quantity of cold work as parameters to estimate the
relaxation effect and they obtained agreement with the experiments [60]. However, the
phenomenological nature of the problem which is used to create these empirical models
can lead to many uncertainties; therefore, probabilistic techniques were utilized in some
cases to determine the confidence bounds for the component’s fatigue life [61].
Smith et al. conducted finite element analysis to compare the relaxation effect of
the two material hardening models [62]. They found out that complex multi-linear model
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had more relaxation than a simple linear hardening model. But the predictions were poor
compared to measurements in the cyclic loading case. Rao et al. also created empirical
stress relaxation models based on the vibratory stress relief in welded structures [63].
Farrahi et al. showed that residual stresses decreased and their reduction rate was a
function of the cyclic stress level and an inverse function of the depth of the plastically
deformed surface layer on shot peened spring steel specimens [64]. Iida et al. found out
that repeated cyclic loading caused more relaxation when compared to reverse cyclic
loading [65]. Boyce et al. investigated relaxation effect due to foreign object damage [66].
They found out that damage sites with high stress concentrations which were initially
under a state of strong compression relaxed, and cracks tend to form in these regions.
2.2.3 Review of the use of surrogate models for design optimization
Surrogate models have been used extensively in the optimization of several
engineering applications whose original experiments or computational models are costprohibitive. Perhaps the most popular method is the Response Surface Methodology
(RSM), which is a simple mathematical expression of relating the input data to the output
data by means of polynomial functions using the least-squares regression technique.
Since the data points are unbiased in an RSM, local characteristics of the defining
problem might not be noticed. Interpolating models such as the kriging have the
capabilities to model efficiently local responses including multi-modal functions [67].
The benefits of such approximations go well with the multidisciplinary design
optimization framework of aircraft wings [68]. The radial basis function approach is
another efficient method, especially for high-order nonlinear problems [69, 70]. However,
although these methods can predict local modeling properties, they come with the cost of
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excessive computation and are difficult to use [71]. Combinations of these techniques
have also been employed to construct more sophisticated hybrid surrogate models [72].
Among all, the RSM is very straightforward and computationally inexpensive, and
therefore is appealing to many multidisciplinary design applications [73]. It has also been
found that using a combination of surrogates to create a weighted average surrogate
model can predict better than with individual surrogates as illustrated in the applications
of helicopter rotor blade vibration reduction and alkaline-surfactant-polymer flooding
processes [74, 75]. For these models, cross-validation has long been used to estimate the
error in the metamodels [76, 77]. One of the methods is the k-fold cross-validation
technique which has been efficiently used in the process of cross-validation for root mean
squared error estimations [78, 79].
2.3

Need for research
This chapter gives a review of the works previously done in the areas of laser

peening simulation, mechanical stress relaxation, fatigue life prediction and large scale
optimization.
Crack initiation often occurs along the curved regions or fillets of structural
components because of the presence of high stress concentrations. Laser peening should
be conducted in these critical regions to improve the life of the components. Most of the
research to date has been concentrated on the effect of laser peening on simplified flat
geometries. The residual stress induced in a curved geometry cannot be predicted based
on the trends obtained from a flat model, since neglecting the curvature effect can lead to
an incorrect assumption of residual stress profiles. Although the curvature effect on laser
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peening has been studied, the residual stress behavior on curved geometries still remains
unclear.
Laser peening of an already peened component, which is subjected to cyclic
loading, can increase the fatigue life during the service life of the component [80].
Peening the component at the correct time can be key to increasing the fatigue life.
However, the residual stresses generated by surface enhancement techniques can relax
during the fatigue life cycle. Therefore, the effect of stress relaxation needs to be
considered for better fatigue life prediction and re-peening decision. In addition, the
actual loading scenarios can also affect the fatigue life significantly [81].
Surface treatments are generally not optimized for maximum fatigue life due to
the presence of many design variables and the complex nature of the problem which
requires a large number of experimental testing to reach conclusions. Therefore, a
computationally efficient optimization strategy needs to be developed to conduct largescale laser peening simulations for problems related to fatigue life, such as aircraft lug
failure, a problem that requires consideration of curvature and relaxation effects.
2.4

Organization of the dissertation
The scope of the dissertation can be divided into three stages as shown in Figure

2.1. The first stage involves quantifying the effect of curvature in residual stresses
induced by laser peening. 2D and 3D FE models of convex and concave geometries are
created for cylindrical and spherical models and compared with that of flat geometries.
The second stage deals with constructing a framework for predicting the optimal repeening schedule, and can be further divided into three steps: residual stress relaxation
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prediction, fatigue life prediction, and re-peening life prediction. In the final stage, a real
scenario is presented to illustrate how to obtain the optimal design parameters to
maximize the fatigue life. A novel response surface method is used to construct the
surrogate models for the optimization problem.

Figure 2.1: Scope of the dissertation
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Chapter 3
Effects of Curved Geometry in Laser Peening
This chapter aims to investigate whether curvature plays a critical role in resulting
residual stresses by creating finite element models representing curved geometries. Twodimensional axisymmetric models are created to represent flat, convex and concave
geometries. It has been found that increasing the radius of curvature for a concave
geometry decreases the compressive residual stress whereas increasing the radius of
curvature of a convex geometry increases the compressive residual stress in the material.
As observed, there is a monotonically increasing linear relationship between the
compressive residual stress and the component curvature for a concave geometry and a
decreasing linear for convex geometry.
3.1

Motivation for considering curved geometry
The practical problem of the F-22 fighter aircraft wing attachment prone to

fatigue failure is shown in Figure 3.1 [82]. The red circles indicate the aircraft lug part
found to be prone to fatigue cracks. Finite element analyses conducted on this lug showed
that the primary critical point where structural failure occurs is an area around the
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component’s curved edges. Replacing the lug with a new one is a complex and expensive
process. Surface enhancement techniques are proven to be efficient and useful methods in
these situations. The crack prone regions are the critical areas where the stress
concentrations are high. Modeling the curved geometry as a flat one may fail to capture
the crucial curvature effects. These critical regions are subjected to surface enhancement
techniques which can induce favorable compressive stress and thereby delay crack
nucleation. Laser peening can be applied to improve the fatigue strength at these critical
locations. Simulation models, used for this research, have been found to be of great use to
predict the characteristics of laser peening phenomenon compared to costly experimental
tests.
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Figure 3.1: Fatigue failure in an aircraft lug

3.2

Finite element modeling and simulation procedure
To investigate the effect of geometry on residual stresses, this research analyzes a

single laser shot with a circular spot profile at the center of the specimen for all the three
geometries considered.
3.2.1 Finite element model for laser peening simulation
An axisymmetric model is considered to simulate the laser peening process. All
the finite element models representing convex, concave and flat geometries are created
using the ABAQUS software [83]. Figure 3.2 represents a sample axisymmetric finite
element model for a flat geometry. Each individual model encompasses both finite and
infinite elements. The finite element region is used to model the plastically affected zone
as shown in green. It comprises of CAX4R elements (i.e. Continuum, Axisymmetric, 4node, and reduced integration elements). Infinite elements, represented in red, are
assumed to be elastic elements and are used as non-reflecting boundaries comprising of
four-node linear CINAX4 elements. The computational cost for simulating a laser
peening process is very high since it requires an extremely refined mesh. Representation
using a coarse model can affect the accuracy significantly. Hence a mesh convergence
study is conducted on all three models (convex, concave and flat) to determine a mesh
density, a way in which a balance between computational cost and accuracy can be
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achieved. An element size of 20 µm with a mesh size of 400x400 (160,000 elements) is
chosen for further analysis; this can help save computational cost during preliminary
design phases. Because of the presence of component curvature which can result in
complex interaction of stress waves, individual stress components would not be enough
to capture the shockwave effects. Hence minimum principal stress, a scalar stress variant
indicating maximum compression, is used as the output component to interpret the
compressive residual field in this investigation.

Figure 3.2:	
  Finite element model for a flat geometry
Convex and concave geometries have been defined based on radius of curvature.
Their finite element models are shown in Figure 3.3. In the comparison of results, an arc
length of 12 mm is maintained in all three geometries for the finite element region
surface.
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Figure 3.3:	
  Axisymmetric FEA Models (a) Convex (b) Flat (c) Concave
3.2.2 Pressure pulse input
The temporal profile of the shock wave is constructed similar to the sharp rise
time pulse profile obtained from experimental testing as shown in Figure 3.4 [16].
Although non-homogeneity is observed along the spatial profile of the laser shot impact,
the effect on the peak pressure is fairly small [84, 85]. This research considers the initial
condition of laser power density, which is uniformly distributed along the laser spot with
the same area dimensions for all three geometries. A uniform spatial profile over the spot
is used for the initial investigations.
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Figure 3.4: Temporal pressure profile
3.2.3 Simulation procedure
The conventional explicit-implicit procedure adopted for laser peening involves a
combination of explicit and implicit finite element analyses. The first step involves a
dynamic analysis performed in an explicit solver (ABAQUS/Explicit) until plastic
deformation within the model is completed. The transient data from the explicit solver
are imported to an implicit solver (ABAQUS/Standard) where force equilibrium analysis
is conducted and provides the final residual stress field. A flow diagram for a
conventional explicit-implicit laser peening simulation procedure for a single shot laser
peening is shown in Figure 3.5.

	
  

33	
  

	
  

Figure 3.5: Laser peening simulation procedure
3.2.4 Constitutive model and material properties for the simulation
The strain rate for laser peening is in the order of 106 /second. In order to give an
accurate prediction of the material response, temperature effects as well as the effect of
strain rate on the flow stress should be included in the constitutive model. The JohnsonCook model has been an efficient material model to deal with high strain rate processes
and is used for all the finite element simulations in the present work [86]. According to
the Johnson-Cook strength model, the equivalent Von Mises stress

is given by:

(3.1)
where

	
  is the equivalent plastic strain,

is the dimensionless strain rate,

represents the strain rate from the high strain rate experiments, and

is the reference

strain rate. A, B, C and n are the material constants. Constant A is the yield stress at 0.2%
offset strain; Constant B and exponent n represent the strain hardening effect. The
expression in the second bracket represents the strain rate effect through constant C.
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Model constants A, B, n and C are determined from experimental data in the form of
room temperature stress-strain curves at specific strain rates .
We can observe that, the thermal term has been neglected from the Johnson cook
material model. The absorbent layer can protect the material surface from thermal effects
of laser irradiation. It not only prevents the part surface from the direct laser ablation, but
also prevents the thermal effect propagating into the specimen; hence the thermal term is
dropped. More discussion will be given in the next section.
Two materials, Ti-6Al-4V and Aluminum 2024-T3, have been considered for the
investigation [87, 88]. The material model input parameters for the simulation are
tabulated in Table 1.
Table 3.1: Johnson-Cook material model constants for simulation

A

B

(MPa)

(MPa)

Ti-6Al-4V

950.2

603.4

2024-T3 Al

369.0

684.0

Material

n

C

𝜺𝟎

E

(/s)

(GPa)

0.1992 0.0198 0.0009
0.73

0.0083

1

ν

ρ
(Kg/m3)

113.8

0.342

4500

73.1

0.33

2770

3.2.5 Effect of temperature in laser peening
The heat effect is not considered in the simulation because the absorbent layer can
protect the material surface from thermal effect during laser peening. Sources of heat in
laser peening to consider include:
(a) laser irradiation of the material
	
  

35	
  

	
  

(b) temperature rise due to the plastic strain caused by shock waves
The heat penetration depth dp (shown in Figure 3.6) due to the nanosecond laser
irradiation is given by:

(3.2)
where D is the heat diffusion coefficient and τ is the laser pulse width [89]. Taking black
paint as an example of the absorbent layer, the heat diffusion coefficient is D = 2.1*10-7
m2/s. If it is irradiated by a 20 ns laser beam, the heat penetration depth would be on the
order of 0.065 µm. The layer thickness used in the LSP process is usually tens of
micrometers. Therefore, the ablative layer not only prevents the part surface from the
direct laser ablation, but also prevents the thermal effect propagating into the specimen.

Figure 3.6: A pictorial representation of the heat penetration depth
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Shock waves generated by the laser pulse create compression in the material
resulting in temperature rise. A thermo-mechanical finite element analysis is conducted
on Ti-6Al-4V material (flat geometry, spot radius = 2.5 mm, initial temperature = 250C,
melting temperature = 16600C). As the pressure pulse goes beyond 8 GPa, we can see the
spike in temperature in the material as shown in Figure 3.7. We can also observe that, in
the laser peening operating range (3-6 GPa related to HEL), maximum temperature
observed is around 1210C.

Figure 3.7: Effect of temperature rise due to shockwaves
To see how the temperature rise affects the residual stress in the material, a peak
pressure of 5.5GPa (~2HEL) is applied to the material. The residual stress imparted to the
material on the surface as well as the depth direction are shown in Figure 3.8. The results
indicate that the effect of temperature due to laser peening in its operating conditions is
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small and hence temperature effect needs not be considered to model the laser peening
process.

Figure 3.8: A comparison of mechanical and thermo-mechanical FEA in laser peening (a)
Surface residual stress (b) Residual stress along depth
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3.3

Effect of curvature: results and discussion
The effects of convex and concave geometries were investigated and the results

obtained have been detailed in this section. The laser peening input parameters
considered for the analysis for all geometries were same. Two materials (Ti-6Al-4V and
2024-T3 Al) have been chosen for the analysis to investigate whether the residual stress
generated by various geometries differ based on the material properties. A peak pressure
of 5.5GPa is applied on the titanium Alloy while a peak pressure of 1.5GPa is applied on
the aluminum alloy. The peak pressure was selected based on the shock yield strength of
the material called as Hugoniot Elastic Limit (HEL). For Ti-6Al-4V, a peak pressure of
5.5GPa is applied which is ~ 2HEL [30]. Similarly for 2024-T3 Al, 1.5GPa was
considered as the peak pressure [17]. The spot radius considered for all simulations was
2.5mm. Since the magnitude of the shockwave is much greater than the dynamic yield
strength of the material, we can approximate the model by assuming that the solid has no
resistance to shear. Hence the pressure pulse has been assumed to be acting normal to the
material on the surface.
3.3.1 Effect of convex curvature
Investigation conducted on a convex geometry and their comparison with flat
geometry is illustrated in this section. Two radius of curvatures have been considered for
comparison namely 15.28 mm and 7.64 mm respectively. It is compared with flat
geometry corresponding to infinite radius of curvature. The results obtained from this
investigation are shown in Figure 3.9 and Figure 3.10. It can be observed that, as we
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increase the radius of curvature, residual stress in the shot region increases on the surface
as well as in the depth direction for both materials.

Figure 3.9: Effect of convex curvature on residual stress for Ti-6Al-4V (a) Stress on the
material surface (b) Stress in the depth direction at 1.5mm away from the spot center
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Figure 3.10: Effect of convex curvature on residual stress for 2024-T3-Al (a) Stress on
the material surface (b) Stress in the depth direction at 1.5mm away from the spot center
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3.3.2 Effect of concave curvature
Similar to the convex geometry, investigations are conducted to identify the
residual stress behavior for a concave model. The resulting plots obtained after the finite
element analysis for titanium and aluminum alloys for two curvatures are shown in
Figure 3.11 and Figure 3.12. It can be observed that, as we increase the radius of
curvature, residual stress in the shot region decreases on the surface as well as in the
depth direction for both materials. This effect is opposite to that of a convex geometry.
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Figure 3.11: Effect of concave curvature on residual stress for Ti-6Al-4V (a) Stress on
the material surface (b) Stress in the depth direction at 1.5 mm away from the spot center
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Figure 3.12: Effect of concave curvature on residual stress for 2024-T3-Al (a) Stress on
the material surface (b) Stress in the depth direction at 1.5mm away from the spot center
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3.3.3 Comparison of curved geometries
The finite element modeling simulation conducted to demonstrate the significance
of curvature effects is illustrated in Figure 3.13 and Figure 3.14 for titanium alloy and
aluminum alloy (Rc = 7.64 mm for convex and concave geometries). We can observe a
difference in peak compressive residual stress of 300 MPa (greater than 30%) and 120
MPa (greater than 40%) for Ti alloy and Al alloy respectively. This big difference in
magnitude should not be neglected since the assumption of flat geometry can lead to
incorrect residual stress prediction, which can be detrimental in fatigue life estimation.	
  
Note that the differences, though significant, only concern the surface layer of the depth
mostly within 0.05 - 0.1 mm; beyond this depth, the differences start to become less
significant or even negligible. We can also observe the reduction of compressive residual
stress on surface around the spot center, which can be attributed to the stress focusing due
to Raleigh waves.
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Figure 3.13: Curvature effect on Ti-6Al-4V (a) Stress on the surface of the material (b)
Stress in the depth direction at 1.5 mm away from the center of the spot
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Figure 3.14: Curvature effect on 2024-T3-Al (a) Stress on the surface of the material (b)
Stress in the depth direction at 1.5mm away from the center of the spot
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3.4

Relationship between the compressive residual stress and curvature
To understand whether there exists any relationship between the compressive

residual stress and curvature, more simulations are carried out. An intermediate variable
called degree of curvature

or simply referred as curvature is used to define the

relationship connecting residual stress and radius of curvature. Figure 3.15(a) shows the
representation of Curvature for concave and convex models ( /2 because of axis of
symmetry). Curvature has a reciprocal relation with radius of curvature, which can be
represented as follows:

(3.3)
where

is the radius of curvature, 	
  is the arc length (maintained constant) and

	
  is the

Curvature. From the result obtained as shown in Figure 3.15 (a) (for Ti-6Al-4V) and
Fig.15 (b) (for 2024-T3 Al), we can observe the existence of a near-linear relationship
between residual stress and degree of curvature for both geometries, monotonically
increasing for convex while decreasing for concave. The vertical axis of these figures
indicates the average of the CRS measured along the radial line over the laser spot on the
peened surface (excluding the center region where there is reduction of the CRS). We can
define the problem by means of a simple linear equation:

(3.4)
where

is the compressive residual stress,

is the slope of the curve, 	
  is the degree of

curvature of the material and intercept c is equal to the compressive residual stress for a
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flat geometry. The slope

is negative for a concave geometry while positive for a

convex geometry. From the results we can conclude that:
•

CRSConvex < CRSFlat

•

CRSConcave > CRSFlat

where CRS = Compressive residual stress
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Figure 3.15: Compressive residual stress versus degree of curvature for (a) Ti-6Al-4V (b)
2024-T3 Al
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3.5

Effect of curved geometry with non-uniform spatial pressure profile
A material is subjected to a laser incident beam angle of α, as shown in Figure

3.16 (a). Recent results suggest that the plasma-generated pressure acts normally to the
material geometry regardless of the laser incident angle, making laser peening extremely
flexible at intricate locations in various applications [90, 91]. But the input of an oblique
angle of incidence can cause a reduction in laser power density across the spot radius.	
  For
an example case, let us assume that the laser power density can decrease by 30% at the
border of the laser spot. This reduction of laser power density can cause a reduction of
peak pressure, and this effect can be included in the simulation as a non-uniform spatial
profile. For laser peening ablation with flowing water as the transparent overlay, peak
pressure can be approximated as the square root of the incident laser power density [7]:

(3.5)
where P is the peak pressure and I0 is the incident laser power density. For a peak
pressure of 5.5 GPa, the non-uniform spatial profile can be represented by Figure 3.16 (b).
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(a)

(b)

Figure 3.16: Non-uniform spatial pressure profile input (a) Material subjected to an
oblique angle of incidence (b) Simulation Input
The results indicate that even for a non-uniform spatial pressure profile, we can
observe a similar trend as seen in the uniform spatial profile case for Ti-6Al-4V; in other
words, the concave geometry has the maximum residual stress, while the convex
geometry has the minimum residual stress. Although	
  there is a significant reduction in the
average compressive residual stress on the surface of the component due to the decrease
in peak pressure along the radius of the spot, we can still observe the linear relationship
between compressive residual stresses and degree of curvature, as shown in Figure 3.17.
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Figure 3.17: The effect of non-uniform spatial pressure profile: compressive residual
stress versus degree of curvature for Ti–6Al–4V.
3.6

Parametric effects due to curved geometry
The residual stress induced by laser peening process has several influential

parameters. Pressure profile parameters (e.g. peak pressure, pulse shape, mid-span
duration) and laser spot parameters (e.g. spot shape, spot size, spot location) are the most
investigated ones. The total numbers of shots, the overlapping percentage, the number of
peening layers and shot sequencing have also been found to be decisive in forming the
residual stress field. In the preceding sections, it was found that component curvature
could also be a contributing factor in determining the residual stress field. This section
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aims to investigate the importance of curvature with respect to the variation in peak
pressure and spot radius. The material properties used here is that of titanium alloy. In
this section, a flat specimen is compared with concave and convex specimens having 7.64
mm radius of curvature.
3.6.1. Effect of peak pressure on residual stress field for curved models
In order to evaluate the residual stress profiles due to changes in impact pressure,
three peak pressures are considered for the simulation: 4.5GPa, 5.5GPa and 6.5GPa
respectively. The surface and in-depth residual stress profiles with respect to these three
peak pressures for convex, concave and flat geometries are shown in Figures 3.18, 3.13
(In section 3.3.3), and 3.19.
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Figure 3.18: Curvature effect on Ti-6Al-4V for peak pressure of 4.5 GPa (a) Stress on the
surface (b) Stress in the depth direction at 1.5 mm away from the center of the spot
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Figure 3.19: Curvature effect on Ti-6Al-4V for peak pressure of 6.5 GPa (a) Stress on the
surface (b) Stress in the depth direction at 1.5 mm away from the center of the spot
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From the figures investigating the curvature effect due to peak pressure, the
following observations can be drawn.
•

CRSConvex < CRSFlat < CRSConcave for all three peak pressure cases investigated.

•

Geometric effect becomes more significant as the peak pressure increases. It is
inferred that the difference between the convex, concave and flat geometries
becomes small as the load decreases.

•

Compressive stress depth increases as the peak pressure increases for all three
geometries.

3.6.2

Effect of spot radius on residual stress field for curved models
For evaluating the residual stress profiles due to changes in laser spot size, three

spot radiuses are assumed for the simulation: 1.5mm, 2mm and 2.5mm respectively.
These three cases represent circular laser spot shot at the center of the specimen for the
three geometries considered. The surface and in-depth residual stress profiles with respect
to the three spot sizes are shown in figures 3.20, 3.21, and 3.13 (In section 3.3.3).
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Figure 3.20: Curvature effect on Ti-6Al-4V for spot radius of 1.5 mm (a) CRS on the
surface (b) CRS in the depth direction at 0.9 mm away from the center of the spot
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Figure 3.21: Curvature effect on Ti-6Al-4V for spot radius of 2 mm (a) Stress on the
surface (b) Stress in the depth direction at 1.2 mm away from the center of the spot
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From the figures investigating the curvature effect in relation to spot size, the
following inferences are made.
•

CRSConvex < CRSFlat < CRSConcave for all three spot radii considered.

•

The magnitude of the compressive stress induced in different geometries is
not affected by different spot sizes. Peak residual stresses almost remain
steady for different spot sizes. But bigger spot sizes create larger compressive
stress region near the surface regions.

3.7

Chapter summary
Investigations on the curved geometries indicate that curvature can make a

significant difference in residual stresses developed. Two dimensional finite element
models are created to display the significance of curvatures in laser shock processing.
Results from these investigations indicate that if we consider residual stress behavior of
flat geometry to estimate the residual stress in curved models (both concave and convex),
this will lead to under-prediction of residual stress for concave geometry whereas overprediction of residual stress for convex geometry. Also, the process of laser peening
being a temperature independent process is verified (under the typical processing
conditions). Simulations are also performed to evaluate the changes in residual stress
field for the curved geometries when other influential parameters are varied. Two
parameters (peak pressure and spot radius) are investigated to determine their effects on
curvature by keeping other laser peening conditions unchanged. In short, the results can
be summarized as:
•

CRSConvex < CRSFlat < CRSConcave

where CRS = Compressive Residual Stress
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Residual stress prediction based on the results obtained from flat geometries can
be erroneous for fatigue life estimation of curved geometries. From the analyses, we can
conclude that curvature can be a factor in residual stress prediction and therefore the
curvature effect should be considered for geometries involving curvatures. Although the
proposed model can predict the trends of residual stresses, further experimental
investigations are required to validate the authenticity of the results.
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Chapter 4
Influence of Rayleigh Waves on Curved Geometries
In the previous chapter, we discussed the significance of curvature in laser
peening process by utilizing 2D axisymmetric models. The goal of this chapter is to
determine the cause and effect of different residual stress profiles obtained in the process
of laser peening of curved geometries under similar input conditions. Concave and
convex simulation models were created and compared with flat geometry to investigate
the effects of curvature on problems involving spherical and cylindrical geometries.
Results obtained from the simulations indicated significant difference in residual stresses
between the curved geometries. Similar to Chapter 3, a near-linear trend is observed here
between the CRS and the curvature of the material. The difference in volume fraction of
the material undergoing plastic deformation (plastically affected volume) generates
different energy densities for curved geometries. It is found that these energy densities
vary linearly with component curvature in the design domain, and they lead to the linear
relationship of the CRS with the component curvature. The simulation results for the
curved geometries are explained based on shock wave physics. Plane waves as well as
release waves can cause plastic deformation in the peened component. The differences in
plastic deformation created by the Rayleigh waves are found to be the primary cause for
the difference in residual stresses observed in curved geometries.	
   This dissertation
attempts to explain the action of laser peening on curved components (cylindrical and
spherical geometries) by means of shock wave mechanics. An analytical formulation is
derived based on the plasticity incurred inside the material and the results are compared
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with the prediction by numerical simulation. The consistency in the analytical
formulation with the simulation model indicates the behavior of laser peening towards
curved geometries.
4.1

3D numerical modeling and analysis of laser peening by FEA
The residual stress distribution of laser peening process for curved geometries is

numerically predicted by FEA. The FEA model consists of finite elements depicting the
deformation zone, while the boundaries are represented using non-reflective infinite
elements as shown in Figure 4.1. Finite elements are composed of C3D8R elements that
represent continuum, three-dimensional, 8-node, and reduced integration elements.
Infinite elements are assumed to be elastic elements and are used as non-reflecting
boundaries comprising 8-node linear CIN3D8 elements represented as the red region.
While modeling and meshing the entire component is computationally expensive, laser
peening affects only a small region of the component. Therefore modeling the critical
locations as a combination of finite and infinite elements helps achieve efficiency for the
laser peening simulation problem. A single laser shot with 2.5mm radius striking the
surface of the material is modeled using a quarter-symmetric configuration for
computational efficiency. The dynamic loading utilized for this analysis has a sharp,
Gaussian, temporal profile and a uniformly distributed spatial profile with a peak
pressure of 5.5 GPa. Two convergence studies are performed for all selected geometries;
mesh convergence to inspect the mesh stability, and domain convergence to examine
whether the simulation domain can capture the plastically affected zone. Based on the
results, a 40 µm element size and a 6mm x 6mm x 6mm simulation domain is chosen
(3,375,000 finite elements and 67,500 infinite elements). The material used for this
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analysis is Ti-6Al-4V and the constitutive model is the Johnson-Cook, the same as
Chapter 3.

Figure 4.1: Quarter-symmetric FEA model for a flat geometry
4.1.1 Simulation procedure
Laser peening simulation process can be divided into two stages. The first stage
involves the generation of pressure pulses by high-energy plasma, which can be
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explained by laser physics. The second stage incorporates the plastic deformation on the
surface of the material induced by the shock waves generated by the pulse pressure. Our
interest is to model the second stage of the process using a finite element model to obtain
the residual stress field induced in the material. The conventional method involves an
integrated approach using both explicit and implicit solving techniques to predict the
shock wave phenomenon imparted to the material as shown in Figure 4.2(a). However,
this “explicit-implicit” procedure becomes difficult to implement for 3D finite element
simulations with a large number of laser shots. Each shot takes more than 1 day (~ 40
CPU hours) to simulate a finite element model encompassing 0.5 million elements at the
Ohio Supercomputing Center (OSC) Facility [92].	
   At OSC multiple nodes of quad core
2.5 GHz Opteron 24 GB RAM are available to perform the analysis. Hu et al. suggested
the eigen strain concept for efficient simulation of large scale LP problems [93]. It has
been found to be useful in predicting the deformations in the peening process. However,
the prediction of residual stresses is not very accurate because of the incomplete dynamic
analysis.
A modified explicit procedure may be a good approximation to reduce the
computational time, as shown in Figure 4.2(b). In this “modified explicit” procedure, the
explicit solver is run for a short duration until a steady dynamic stress state is reached for
each laser peening shot (when kinetic energy approaches zero). For the final shot, an
extended explicit simulation time replaces the time consuming force equilibrium analysis
(implicit part). The modified explicit procedure is suggested based on the observation
that the redistribution of residual stress field becomes weak when a steady dynamic stress
state is reached.
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Figure 4.2: Simulation procedure adopted for multi-shot laser peening (a) Explicitimplicit (b) Modified explicit (i=1,2,..n where n=number of shots)
For the purpose of validation, a multi-shot simulation case has been considered to
compare the efficiency and accuracy of the modified explicit simulation procedure to the
explicit-implicit procedure. This case represents a 9-shot LP simulation with 50%
overlapping on a flat specimen as shown in Figure 4.3(a). Ti-6Al-4V is the material used
with 5.5 GPa peak pressure. The CRS generated on the flat specimen is analyzed in X, Y,
and Z directions as shown in Figure 4.3(b), 4.3 (c) and 4.3 (d) respectively. The CRS
predicted by modified explicit procedure match closely in comparison to the explicitimplicit procedure (less than 2% difference).
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Figure 4.3: Comparison of residual stress prediction for the 9 shot laser peening
simulation with 50% overlapping (a) Abaqus simulation model of 9 shot LP (b) Residual
stress along X-direction on the surface (c) Residual stress along Y-direction along depth
(d) Residual stress along Z-direction along surface
Table 4.1 shows the comparison of CPU times for the two procedures. The saving
in simulation time for a typical finite element simulation model is observed to increase
significantly as the number of shots increases, contrary to the explicit-implicit procedure.
The total time saving for the modified explicit procedure in the 9 shot LP simulation case
is ~ 1/20th of the explicit-implicit procedure.	
  The modified explicit procedure, which has
been used in this research, approximates the residual stress field by using only an explicit
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solver instead of a combination of explicit and implicit solvers to reach an equilibrated
state. The modified explicit procedure is appealing because it can predict results as well
as the explicit-implicit procedure and can be used to conduct laser peening simulations in
considerably less time.
Table 4.1: Comparison of CPU time for explicit-implicit with modified explicit
CPU Time (hrs)
Simulation
Method

Single Shot LP

9 Shot LP

Explicit
Analysis

Implicit
Analysis

Total
Time

Explicit
Analysis

Implicit
Analysis

Total
Time

Explicit-Implicit
(explicit short
duration + implicit
analysis)

0.82

38.23

39.05

6.56

345.37

351.93

Modified Explicit
(explicit short
duration + explicit
extended duration)

9.76

-

9.76

16.40

-

16.40

* Explicit time period: short duration = 5

, extended duration = 40

4.1.2 Definition of 3D curved geometries
The quarter-symmetric models are constructed using spherical (r, θ, ϕ) and
cylindrical co-ordinates (r, θ, z) to describe the convex and concave curvatures for
spherical and cylindrical geometries respectively. The FEA models are constructed as
shown in Figure 4.4. A condition of θ=ϕ is utilized for modeling the double curvatures of
the spherical geometry where θ denotes the polar angle and ϕ is the azimuth angle. The
curved geometries for this research are defined by the component curvature (θ), which
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has inverse relationship with radius of curvature (r) of the geometry. The arc lengths (l)
of all the FEA models are maintained the same for all geometries.

Figure 4.4: Curved FEA models in 3D (a) Cylindrical models (b) Spherical models
4.1.3 Numerical simulation results
The residual stress predictions for cylindrical models along the curved edge on the
surface (X-direction) are shown in Figure 4.5(a). A specific trend can be noticed:
CRSConvex < CRSFlat < CRSConcave. Even for a non-uniform spatial spot profile, similar
trends are detected as discussed in Chapter 3. As we increase the curvature in a convex
model, the CRS decreases. An increase of curvature in a concave model results in an
increase of the CRS. In the Y-direction (depth), similar trends in the near-surface regions
can be perceived. However, in the Z-direction (flat side, no curvature), no special trend is
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observed [94]. The results indicate that the curvature effects are dominant along the
curved side of the cylindrical model in comparison with the flat side. Also, the curvature
follows a near-linear relationship with the average CRS observed on the surface of the
peened component. The relationship is shown in Figure 4.5(b).
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Figure 4.5: CRS distribution for Cylindrical models (a) Curvature Effect (b) Linearity
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The CRS prediction for spherical models along the X-direction is exhibited in
Figure 4.6(a). It is observed that the CRS generated on the surface in orthogonal
directions (X and Z-direction) are the same, which is expected due to symmetric nature of
the quarter-symmetric spherical model. Unlike the cylindrical model, all three directions
show the same trend. However, spherical models also exhibit the linearity similar to
cylindrical models. The near-linear relationship is shown in Figure 4.6(b).
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Figure 4.6: CRS distribution for spherical models (a) Curvature Effect (b) Linearity

	
  

73	
  

	
  

The comparison of CRS prediction of spherical models to cylindrical models is
shown in Figure 4.7. It can be noticed that the slope of spherical geometry is steeper than
the slope of the cylindrical geometry creating an “enveloping effect,” where the spherical
geometry is enveloping the cylindrical geometry. The difference in CRS is due to the
difference in plasticity generated by the shock waves. This will be discussed in the next
section.

Figure 4.7: Effect of cylindrical and spherical geometries on component curvature
4.2

Effect of reduced plasticity (RP) in laser peening
The shock wave phenomenon in laser peening can be explained as a two-stage

process. In the first stage, the plasma pressure creates a plane wave which is propagated
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in the longitudinal direction as shown in Figure 4.8(a). Since this pressure wave has a
magnitude greater than yield strength of the material, plastic deformation occurs and the
wave loses energy as it propagates to the interior of the specimen. The second stage
involves the generation of release waves at the spot border of impact which is propagated
in longitudinal (P-wave) and transverse directions (S-wave) as shown in Figure 4.8(b). Pwave and S-wave leave the boundary of the shot with wave velocities α and β
respectively [95]:

and	
  

where α = Longitudinal wave speed, β = Transverse wave speed,
parameters, and

(4.1)

and

are lame

is the material density. For Ti-6Al-4V, α and β can be calculated as

6264 m/s and 3070 m/s respectively. The P-wave acting in the longitudinal direction
creates a “head wave.” The amplitude of the P-wave is generally not high enough to
create further plastic deformation. The S-wave propagated in the transverse direction
interacts with the surface forming a Rayleigh wave. The particle motion of a Rayleigh
wave has an elliptical trajectory with a retrograde (against the direction of propagation)
motion at the free surface [96]. This Rayleigh wave acts against the plasma generated
pressure wave resulting in decreasing the amount of plastic deformation, predominantly
near the surface regions because of the exponential decay of its energy in the depth
direction. This phenomenon of reduction in the amount of plastic deformation, referred to
as “Reduced Plasticity” by the author, can decrease the magnitude of the CRS and hence
reduce the effectiveness of the laser peening process. Since the Rayleigh waves are
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released from the edge of the impact towards the center, there is a “focusing effect”
experienced near the center of the spot, which can even result in the formation of tensile
stresses. The sudden reduction of the CRS on the surface as observed in Figures 4.5(a)
and 4.6(a) near the spot center is a result of this stress focusing effect. Although stress
focusing is more severe in a circular spot, even a square spot can have detrimental effects
[85].

Figure 4.8: Shock wave propagation in laser peening (a) Plane waves (b) Release waves
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4.2.1 RP on flat, spherical, and cylindrical geometries
The reduction in the amount of plasticity occurring on the component’s surface of
flat, convex and concave geometries at a distance of 1.5 mm from the spot center for Ti6Al-4V is shown in Figure 4.9. Figures 4.9(a) and 4.9(b) compare the plastic strain
history for cylindrical and spherical geometries respectively until a stable strain state is
achieved. Minimum principal strain is used as the measure since it can capture the
maximum compression induced in the material. Although the total extended explicit time
duration considered for this analysis is 40
material happens within 2
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, most of the plastic deformation in the

	
  

Figure 4.9: RP in curved geometries (a) Cylindrical (b) Spherical
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The different stages of shock wave propagation can be observed. At first, the
plane waves generate the plastic deformation on the surface of the component until
release waves come into action. When the plastic strain history at a distance of 1.5 mm
away from the center is collected (1 mm from the edge of the spot), the strong S-wave
reaches this specific location at ~ 0.4
earlier at ~ 0.2

while the weaker P-wave reaches the location

. Once the reversal of the plastic strain takes place due to the release

waves, plastic strain stabilizes and no more plastic deformation occurs in the material.
Since the plastic deformation created by the Rayleigh waves act against the plastic
deformation created by the plane waves, the convex geometry has the minimum plastic
strain resulting in minimum CRS while concave geometry has the maximum plastic strain
resulting in maximum CRS.	
   The P-wave causes relatively small plastic strain only in
convex geometry while the P-wave is not strong enough to generate significant plastic
strain in flat and concave geometries. It is also noted that, the P-wave can generate plastic
deformation in all geometries when the peak pressure are increased beyond 2 HEL. Fig.
4.9 also shows the enveloping effect of plastic strain by spherical geometry over the
cylindrical geometry. The peak pressure is determined to be a significant factor in
creating the differences in plasticity for the various geometries.
4.2.2 Energy effect on reduced plasticity for curved geometries
Plastic dissipation energy can be used as a measure to evaluate the amount of
plasticity occurring in the different geometries. The energy dissipated by plasticity
occurring in the different geometries can be evaluated from the simulation by means of
plastic dissipation energy. It is expressed as:
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(4.2)

where σc is the stress calculated from Johnson-Cook Model,

is the plastic strain rate,

and V and τ are the variables representing volume and time respectively. Figures 4.10 and
4.11 show the differences in the plastic dissipation energy for cylindrical and spherical
geometries respectively.	
  Figures 4.10(a) and 4.11(a) indicate that the maximum plasticity
is induced in the convex geometry while the minimum plastic deformation is detected in
the concave geometry. The energy is nearly the same for all geometries initially
(deformation due to plane waves) until the release waves come into effect. This
difference in plasticity induced by the release waves is the primary reason for the
difference in residual stresses. It can also be verified that a near-linear relationship exists
between the plastic dissipation energy and the curvature of the material as shown in
Figure 4.10(b) and 4.11(b) respectively.
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Figure 4.10: Plastic deformation in cylindrical geometries (a) Plastic dissipation energy
versus time (b) Plastic dissipation energy versus curvature
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Figure 4.11: Plastic deformation in spherical geometries (a) Plastic dissipation energy
versus time (b) Plastic dissipation energy versus curvature
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4.3

Analytical formulation for the energy density of structural geometries
We assume that the laser energy applied to deform the material is E for all three

geometries; however, the plastically affected areas of all three geometries are different,
which is due to observable variations in the plastic dissipation energy as explained in
section 4.2.2. Since the energy dissipates as the shock waves go through the material, a
finite volume is significantly affected due to the plastic deformation near the surface
regions. For a laser spot of 5 mm diameter (representing the arc length, lc), let us assume
that it creates plastic deformation up to a depth d. Plastically affected depth has been
found to have direct proportionality to laser power density and pulse duration [97]. Since
this investigation considers both laser power density and pulse duration to be the same for
all geometries, the plastically affected depth is assumed to be the same for all geometries.
Therefore, the Energy Density (ED), defined as laser energy per unit volume, is utilized
in this research as a measure of plastic deformation, is a function of plastically affected
volume (PAV) only. Although geometric effects might not be considered in building the
relationship, the simulation results indicate the effects to be minimal. Plane waves
generate similar plastic deformation in all three geometries as observed in Section 4.2.1.
Since the energy of Rayleigh waves decreases exponentially as it increases in depth
(property of surface waves), plastically affected depth will depend mainly on plane waves.
Rayleigh waves cause different amounts of plastic deformation near the surface regions
for different geometries, shown by the difference in the plastic dissipation energy.
In this section, PAV’s for flat, spherical, and cylindrical geometries are derived to
show the difference in plasticity. Figure 4.12 shows a schematic representation (axisymmetric) of the plastically affected area for a flat geometry.
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Figure 4.12: PAV of a flat geometry
The PAV of a flat geometry can be represented in cylindrical co-ordinates as:

(4.3)

Hence the PAV for the flat geometry is calculated as:

(4.4)
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4.3.1 Derivation of the PAV for spherical geometries

Figure 4.13: PAV of spherical geometries (a) Concave (b) Convex
Figure 4.13 shows axi-symmetric representation of the PAV’s for spherical
geometries with concave (Figure 4.13(a)) and convex curvatures (Figure 4.13(b)). The
differential plastically affected volume of curved geometries can be represented in
spherical co-ordinates as:

(4.5)

Therefore, the volume for the concave and convex geometries for the spherical
models can be calculated as:
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(4.6-a)

(4.6-b)

where

= curvature of the plastically affected zone in degrees, r = radius of curvature in

mm, d = plastically affected depth in mm, and

= arc length in mm. It can be

,	
   VFlat=VConcave=VConvex. Since arc length (

mathematically proven that as

) is constant for this problem (the arc length is equal to the diameter of the laser spot for

each geometry), the plastically affected volume can be considered to be a function of
curvature alone with the formula

. Therefore, we obtain:

(4.7-a)

(4.7-b)

4.3.2 Derivation of the PAV for cylindrical geometries
For a cylindrical model, an equivalent PAV is created for the analytical
formulation because of the complicated shape. Figure 4.14(a) and 4.14(b) show the
equivalent PAV’s for concave and convex geometries respectively. The effect of the
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PAV is approximated by a circular top area indicating the laser spot surface (red) and an
elliptical bottom area (black).

Figure 4.14: Equivalent PAV of cylindrical geometries (a) Concave (b) Convex
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The PAV can be calculated by the formula:

(4.8)
where r(x) for the concave and convex geometries is calculated by Eqs. 4.9(a) and 4.9(b)
respectively.

(4.9-a)

(4.9-b)

Since acv = acx = lc/2, bcv = lc(r+d)/2r, bcx = lc(r-d)/2r, and
cylindrical model is calculated as a function of

, the PAV for a

alone and is represented by the

equations 4.10(a) and 4.10(b) for the concave and convex curvatures respectively.

(4.10-a)

(4.10-b)

4.3.3 Discussion
Since the input laser energy is assumed to be a constant, curvature is the only
variable required to calculate the energy density. From the calculation of PAV’s for the
various geometries represented in Section 4, the energy density is non-linear. However,
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we can see that there is a near-linear relationship between the CRS and curvature from
the numerical simulation results discussed in Section 2.2. It should be noted that FE
simulation considers the curvature for the entire FE model ( ), not just the curvature of
the plastically affected zone (

). The relationship between

	
  and	
  

is given by:

(4.11)
Since most of the practical problems will have curvatures ( ) less than 900, the
relationship between energy density and curvature needs to be considered between 00
(flat geometry) and 900 (infinite radius of curvature). The energy density is plotted
against curvature as shown in Figure 4.15 (initial conditions are E = 80 J, d = 1 mm, lc =
5 mm, l = 12 mm) and it can be observed that a near-linear relationship exists between
them although the functional relationship is non-linear.
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Figure 4.15 Energy density versus curvature
To explain the reason behind the linear relationship from a non-linear function,
the PEV for the concave curvature of a spherical geometry (Eqs. 4.7-a and 4.7-b) can be
broken down into:
(a) Cubic expansion formula

(4.12-a)

(4.12-b)

(b) Taylor series expansion of cosines
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(4.13)

From these two expansion formula, we can obtain the energy density for the
concave and convex geometries as:

(4.14-a)

(4.14-b)

The non-linear functions for the concave and convex geometries given in Eqs.
4.14 are in the forms of c/(1-x) and c/(1+x) respectively where c=	
  

and x=	
  

=	
  

. Taylor series expansion of the energy density (ED) function can be represented
as:

(4.15)

Applying Eq. 4.15 to Eqs. 4.14-a and 4.14-b and expansion at the origin (x0=0),
we obtain the infinite Taylor series for the non-linear functions:

(4.16-a)

	
  

91	
  

	
  

(4.16-b)
For θ=900, l=12 mm, and lc=5 mm, θc is determined to be 37.50 for convex and
concave geometries. Therefore, the variable ‘x’ for this problem is calculated to be equal
to 0.13. Truncating this series to first order, we obtain
percentage error is equal to 1.74%. Therefore when x is small,

for convex geometry,	
  

.	
  The
.	
  Similarly,

	
  where percentage error is equal to

1.69%. Since x is small, we can approximate the non-linear relationship to a linear one
without losing much accuracy. Therefore, the CRS can be considered to have a linear
relationship with the component’s curvature. The same way, it can be proven that a linear
relationship exists for the cylindrical geometry as well.
4.4

Chapter summary
A three dimensional explicit numerical model is created to predict the residual

stress profiles for a single shot laser peening process on flat, spherical, and cylindrical
geometries with the Ti-6Al-4V material. The modified explicit simulation method can be
a good approximation for the explicit-implicit procedure while significantly saving
computational time, especially for multi-shot laser peening simulations. The results
reveal that the CRS follows a near linear relationship with respect to curvature and the
slope of the CRS curve for spherical geometry is steeper than the cylindrical geometry.
These differences in CRS result from the differences in the reduction of the amount of
plastic deformation for various curvatures. It is found that the Rayleigh waves originating
from the boundary of impact due to the material discontinuity are the primary cause of
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the “reduced plasticity” phenomenon; they impact the initial plastic deformation created
by the plane waves. The linearity shown by the plastic dissipation energy with the
curvature supports the trend shown by the CRS. Analytical formulations are derived for
the energy density of flat and curved geometries as a function of curvature alone.
Although the functions are non-linear in nature, a near linear relationship is observed
given the operating conditions of the curvature. A steeper slope is observed for spherical
geometry, creating an “enveloping effect” over cylindrical geometry.
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Chapter 5
A Methodology for Determining an Optimum
Re-Peening Schedule
The goal of this chapter is to determine the optimum time to laser peen an already
peened component in order to maximize the component’s fatigue life. The framework for
conducting the re-peening is shown in Figure 5.1. We are adopting an indirect approach
where the load and the residual stresses are analyzed separately. In a realistic scenario, it
is a sequential process where residual stresses are generated by laser peening and then the
load is applied. The computational cost of doing so, however, is so high that the residual
stress can be assumed to be a mean stress added to the applied load. The fatigue loading
can cause the residual stress to relax; hence, the relaxation step should be considered in
order to give a good prediction of the fatigue life. By adding re-peening to the existing
framework, we are able to predict the increase in the fatigue life of the structure. A case
study of the optimization procedure for the fatigue life of an aircraft lug is presented here
to demonstrate the applicability of the proposed method to realistic problems.
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Figure 5.1: Computational framework for conducting re-peening analysis
5.1

Key constituents of the computational approach to maximizing the fatigue

life
Once the critical locations are identified (through the FEA or based on prior
knowledge of the failure region), laser peening should be applied to these regions to
improve the fatigue life of the component. The peened component is further subjected to
cyclic loading resembling the actual loading conditions until the component fails. A
Design of Experiments (DOE) approach can be utilized to predict the optimal parameters
to maximize the fatigue life; however, the cost of conducting the experiments is very high.
Therefore, reliable simulations come as an alternate solution. The computational models
of the fatigue prone components can be created and a laser peening simulation can be
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conducted on the critical regions with finite element software such as ABAQUS, which is
equipped with solvers that can perform non-linear dynamic analysis. These simulation
models used throughout this research have been found useful in predicting the
characteristics of laser peening phenomenon without the need of the costly experimental
tests. In this dissertation, the performance of one parameter (re-peening time) is
investigated in order to maximize the fatigue life. The process of determining the time for
re-peening depends on five key parameters: the laser peening process, the applied loading
scenario, the relaxation of the residual stresses, the fatigue analysis procedure, and the repeening process. The significance of each parameter is discussed comprehensively in the
upcoming sections. Since the modeling and analysis of the laser peening process have
been discussed in the previous chapters, we exclude them from the following discussion.
5.2

Load spectrum
The fatigue performance of structural components has been evaluated mostly by

artificial and simplified loadings (constant amplitude loading). Realistic loading scenarios
involving irregular loading sequences (variable amplitude loading) give a better fatigue
estimation of the particular structural component in discussion in comparison with the
simplified loading cases. Therefore, a loading standard is introduced pertaining to a
fighter aircraft wing bending mechanism primarily governed by maneuver loadings.
FALSTAFF (Fighter Aircraft Loading STAndard For Fatigue) represents the load
spectrum of the lower wing root panel for a combat aircraft [98]. It uniquely defines the
sequence of normalized numbers ranging from 1 to 32 representing the peaks and troughs
in load history generated from 200 flight data as shown in Figure 5.2(a). The total
number of load sequences is 35966, and zero stress corresponds to a FALSTAFF level of
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7.5269. The distribution of load levels for a single block of FALSTAFF spectrum is
shown in Figure 5.2(b).

Figure 5.2: Single block of FALSTAFF (a) Load spectrum (b) Distribution of load levels
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5.3

Cyclic stress relaxation
The residual state just after peening should not be directly taken into fatigue

analysis. Residual stresses generated by laser peening or any other surface enhancement
method on structural components will have to deal with complex loads during their life
cycle. The cyclic fatigue loading, as well as elevated temperature, can take off the
beneficial effect of the surface enhancement methods significantly. This phenomenon of
stress instability is called stress relaxation. There are three different ways to impart
relaxation to peened components. The first one is termed as thermal stress relaxation,
which occurs when the surface treated components are exposed to elevated temperature
[99]. The second mechanism is called the static relaxation, which arises when the sum of
the residual stress and the applied load exceeds the yield criterion of the material [100].
The third way to yield stress relaxation is through repeated fatigue cycles and is the most
prominent method among all three. This process is called cyclic stress relaxation and can
happen even when there is no macroscopic plastic deformation. It should also be noted
that relaxation can happen as a combination of these three relaxation mechanisms, but the
scope of this research is confined to stress relaxation resulting from a cyclic load.
Depending on the magnitude of loading, the residual stress field can undergo relaxation
and redistribution if the loading exceeds yielding criterion. Relaxation can also occur due
to micro plasticity effects. A pictorial representation of the cyclic stress relaxation effect
on a surface treated component is shown in Figure 5.3.
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Figure 5.3: Cyclic stress relaxation
The main parameters which can influence stress relaxation are the number of
cycles, load amplitude, stress ratio, and degree of cold working [59]. Compared to shot
peening, the effect of cold working is low in the case of laser peening [101]. A
framework has been constructed to determine the relaxation behavior as shown in Figure
5.4. It can be divided into two phases. The first phase is the peening phase where residual
stresses are generated in the model by the SET. The second phase involves the relaxation
effect where the residual stress is subjected to cyclic loading. Based on the number of
cycles applied onto the material, we can solve the problem using FE models or available
empirical/analytical models. The division is based on two categories of fatigue failure,
namely Low Cycle Fatigue (LCF) and High Cycle Fatigue (HCF). LCF relaxation can be
predicted by finite element simulation models while HCF relaxation can be predicted by
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already existing analytical models. These two situations require important attention and
will be explained comprehensively in this section. Since the fatigue failure on an aircraft
lug is a high cycle fatigue problem, the stress relaxation prediction is conducted with
empirical models in this chapter. The prediction of stress relaxation with FE models has
been detailed in Appendix (FE modeling of stress relaxation).

Figure 5.4: Two phases in determining the relaxation effect
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5.3.1 Stress relaxation due to LCF
Constitutive models have to be robust enough to represent the relaxation
mechanism. The analytical stress-strain model uses the concept of Bauschinger Effect to
represent the relaxation effects based on the cold working of the material [102]. Although
tensile cold working increases the tensile yield strength, the compressive yield strength is
reduced. As a result of this, a lower compressive load can relax the initial compressive
residual stress. This phenomenon can be termed as Bauschinger Effect. Simulation
models can be created to represent stress relaxation in a low cycle fatigue regime. FEA
models can be used to conduct the analysis for this probllem. The creation of a numerical
model for simulating stress relaxation model involves two phases. The first phase is
modeling the stress gradient effect which relates to the effect of cold working, and the
second is modeling the stress-strain response of the material by creating a mixed
hardening model. The mixed hardening model with the consideration of the Bauschinger
Effect can be constructed with 3D finite element models to include the relaxation
behavior in peened components.
5.3.2 Stress relaxation due to HCF
Many empirical and analytical models, which can be used to evaluate the effect of
relaxation during cyclic loading, have been formulated by researchers over the years.
Morrow and Sinclair modeled residual stress relaxation based on mean stress relaxation
in axial fatigue tests [52]. Kodama proposed a linear logarithmic relationship based on
surface stresses on a shot peened material [53]. Han observed an exponential relationship
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between mean stress relaxation and the number of cycles [55]. They are given by Eqs.
5.1, 5.2, and 5.3 respectively.

(5.1)

(5.2)
(5.3)

where R is the relaxation coefficient, N is the number of cycles,
stresses,

is the alternating stress, and

and

are the mean

is the material yield strength. C1, C2, and k

are constants which are determined by curve fitting the experimental data performed
under various loading conditions.
5.4.

Fatigue analysis
Fatigue failure is the most common mode of failure. More than 80% of failures

occur as a result of repeated loading applied to the component. Different from ductile or
brittle failure where the load is large enough to fail the material, fatigue failure can occur
even when the applied stress is smaller than the yield strength of the material. In this
state, the applied stress level is significantly lower than the yield strength of the material,
which causes microscopic changes in the crystalline structure initially. These small
changes progress to form tiny cracks due to the repeated cyclic loading and gradually
grow to become large cracks leading to the fracture of the structure [103]. The most
commonly used fatigue prediction method is the stress life method. Strain life approach,
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energy based approaches, and critical plane approaches are also well-known for fatigue
estimations. Many empirical models are available for fatigue life prediction based on
material fatigue parameters for all these cases, and each approach has its own
applications. Because of its simplicity and the availability of its material properties, this
research adopts a stress life model for forecasting the fatigue life of the component.
Fatigue life prediction made through a stress-life (S-N) approach can be represented as a
five-step process as shown in Figure 5.5.

Figure 5.5: Flowchart for fatigue life prediction
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The variable amplitude loading obtained from the FALSTAFF spectrum is
utilized as the applied load. Based on the material properties, a corresponding stress
spectrum is obtained, which is utilized in the prediction of fatigue strength. In this
research, fatigue strength is calculated with the Modified Goodman Equation as follows:

(5.4)

where

= alternating stress,

strength at Nf cycles, and

= mean stress,

= ultimate strength,

=fatigue

=residual stress in the component. The effect of residual

stress can be incorporated when added to the mean stress. Once the fatigue strength is
obtained, the Basquin’s equation, used to approximate the S-N curve from experimental
data, can be utilized to predict the number of cycles to failure for individual load
segments [104]. It is given by:

(5.5)

where

and b are constants obtained from the S-N curve. Several damage

accumulation methods are available to predict the cumulative damage due to fatigue
loading [105]. The Palmgren-Miner linear damage rule is the simplest and the most
commonly used procedure under variable amplitude loading conditions and is used for
this research [106]. Accordingly, the cumulative damage (D) is given by:
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(5.6)

where ni represents the applied load cycles in a load segment. Finally, the expected life is
obtained by inverting the cumulative damage and is given by:

(5.7)

5.5

Re-peening phenomenon
Re-peening a peened component which has surpassed a certain service life has

been found to delay fatigue failure and increase the life of the component [80]. Repeening should not be mistaken for multiple peening since the effects are different. The
material which has been peened and exposed to loading has a tendency to relax.
Therefore, the relaxation effect has to be included while constructing a re-peening model
or else it can lead to an incorrect estimation of fatigue life. A flow of fatigue life
prediction encompassing re-peening is shown in Figure 5.6. The first step involves a
regular peening method such as laser peening on an unpeened specimen to generate a
residual stress field inside the material. This peened material is subjected to cyclic
loading which can be constant amplitude or variable amplitude, depending on the service
requirement. This loading can result in relaxation of the compressive stress field
depending on its severeness; hence, the relaxed stress field undergoes another application
of peening wherein the stress field is modified and believed to be more robust in resisting
crack initiation and propagation. Also, re-peening can be conducted multiple times to
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gain the maximum benefit [107]. The effect of multiple re-peening is not investigated in
this research.

Figure 5.6: Fatigue life estimation incorporating re-peening
5.6

Demonstration problem: fatigue life prediction of an aircraft lug
When an F-22 aircraft design is subjected to full-scale fatigue test, cracks are

detected in the wing attachment lugs as shown in Figure 5.7(a) [11]. Laser peening
should be applied over these regions. An FE model is created to detect the critical regions
of the aircraft lug as shown in Figure 5.7(b). The direction of the application of load (P)
is taken based on the fact that the majority of the load acts along the region as shown in
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the figure (between 10 to 20 degrees), which is obtained from the experiments conducted
on the component.

Figure 5.7: Fatigue failure of an aircraft lug (a) Crack location (b) FE Model
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Although Ti-6Al-4V is used in the original experiment, 4340 medium steel is
used for this research because of the favorable correlation between material constants for
stress relaxation and fatigue calculations [108, 52]. Since the yield strength of the
material varies based on the temper of the steel, a regression fit between the yield
strength and hardness is expressed as:

(5.8)

where A1 = 0.0355, A2 = 5.5312, and

is the Rockwell C Hardness of the material

[109]. The material properties for the fatigue analysis are given in Table 5.1. Since the
yield stress is known,

is calculated using Eq. 5.8.

Table 5.1: Material properties for conducting fatigue analysis

Material
4340 Steel 1172 MPa

b
1241 MPa

1655 MPa

-0.076

For the yield strength used in the fatigue and stress relaxation calculation,
Rockwell hardness correlates well with the equation (

=43 from the regression fit while

=41 from the stress relaxation experiment). The remaining parameters are not
sensitive to the material hardness. Therefore, the Johnson-Cook model parameters
utilized for the laser peening simulation is shown in Table 5.2.
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Table 5.2: Johnson-Cook material model constants for laser peening simulation

Material
4340 Steel

A
(MPa)
1172

B
(MPa)
742.9

n

C

(/s)
0.26 0.014 1/s

E
(GPa)
205

ν
0.29

ρ
(Kg/m3)
7800

5.6.1 Unit load analysis for obtaining the stress spectrum
A unit load FEA is conducted to determine the stress concentrations in the wing
attachment lug. Four regions show high stress concentrations as shown in Figure 5.8(a).
The experimental results show that the fatigue cracks occur at regions 1 and 4 of the FEA
model. Therefore, laser peening should be applied to these regions. Based on the FEA
results, the maximum stress in the fatigue load spectrum is scaled to 90% of the ultimate
tensile strength of the material. The stress spectrum is generated by scaling the load
spectrum for each element in the FEA model. The resultant stress spectrum for the
maximum stressed element (located in region 1) is shown in Figure 5.8(b). The stress
amplitude and the mean stress are calculated from the stress spectrum and are applied
directly for conducting the fatigue analysis. Multiple blocks of the stress spectrum are
used until the failure criterion is realized (i.e. cumulative damage equals or greater than
1).
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Figure 5.8: Aircraft lug analysis (a) Critical locations (b) Stress spectrum
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5.6.2 Laser peening of critical regions
The tensile stress concentrated in regions 1 and 2 indicates concave geometries,
region 3 represents convex geometry, and region 4 can be approximated as a flat
geometry (since the radius of curvature is very high). Hence, laser peening is applied to
these regions. A peak pressure of 4.5 GPa is considered since increasing the peak
pressure further would increase the undesirable tensile residual stresses in the material (a
maximum of 100 MPa is chosen as a constraint for the tensile residual stress in the
peening region). Multiple shots with overlapping have been proven to generate stable
compressive residual stresses on the material surface [41]. Also, a representative region
can be utilized instead of the entire laser peened region (which can involve hundreds or
thousands of laser shots) to shorten the computational time. Therefore, a 49-shot laser
peening is conducted with 75% overlapping to obtain a circular representative region
(located at the center of the model, as shown in Figure 5.9(a)). This research assumes that
the minimum compressive residual stress in this representative region equals the residual
stress at the most probable crack initiation locations (since a repetitive pattern of the
representative region is considered for all critical regions in the component), and also that
the crack initiates on the surface of the material. But there are some cases, especially in
peened materials, where sub-surface cracks initiate due to the presence of tensile residual
stress [110]. Figures 5.9(b), 5.9(c), and 5.9(d) show the compressive stresses regions
conducted by FEA for the flat, concave, and convex models respectively.

	
  

111	
  

	
  

Figure 5.9: Laser peening of critical regions of aircraft lug (a) Sequential laser peening
pattern (b) Flat model region 4) (c) Concave model (regions 1 and 2) (d) Convex model
(region 3)
The residual stress profile for the curved geometries is shown in Figure 5.10. The
convex geometry has the lowest residual stress while the concave geometry has the
highest for both surface and depth directions. Although this result is similar to the
previous work conducted by other researchers, the difference between the geometries is
not significant as earlier observations [111]. This happens because the curvature of the
aircraft lug (400 for concave geometry and 180 for convex geometry) is not high in
comparison with the spot radius (2.5 mm). The minimum residual stresses in the
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representative region are -470 MPa, -496 MPa, and -435 MPa for the flat, concave, and
convex geometries respectively. This research assumes that the crack initiates at the point
of the highest tensile stress in the structure. Since the convex geometry has the lowest
compressive residual stress, it should be considered for fatigue analysis. However, the
sum of stresses due to loading (from FALSTAFF) and the compressive residual stress
(due to laser peening) lead to the highest stress (tensile) in the concave geometry.
Therefore, the concave geometry is chosen to be used for the fatigue life prediction.
It should be noted that this research simplifies the problem and assumes that the
failure happens on the surface of the material. However, this framework can be extended
to the entire component by incorporating the effects of sub-surface residual stresses. This
can be conducted by considering the unit-load analysis of the entire elements on the
aircraft lug instead of the elements on the surface. In this problem, for the initial input
conditions, the stresses are highest on the surface rather than on the sub-surface.
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Figure 5.10: Curvature effect (a) On the surface measured along x-x (b) Along the depth
direction measured along the center of the representative region
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5.6.3 Prediction of relaxation of laser peened residual stresses
The prediction of residual stress relaxation due to different loading conditions is
investigated by comparing the empirical model with experimental results [52]. The
relaxation coefficient, which is defined as the ratio of mean stress after N cycles to the
initial mean stress, is plotted against the number of cycles. The comparison of
experimental results with the empirical model proposed by Morrow and Sinclair is shown
in Figure 5.11. It can be observed that the model is not able to predict the relaxation
effect accurately. Regression models, such as a linear least-squares fit [54] or an
exponential fit [56], can capture the known data better and hence can improve the quality
of the prediction of the entire design region with one empirical model. Therefore, the
relaxation behavior is predicted with the Kodama model (Eq. 5.2) while the curve fitting
is conducted using an advanced regression model, the Sorted k-fold Approach (SKA),
which uses a weighted least-square model and can best predict the cross-validation data
output [112]. The constant C1 is the relaxation coefficient at the first cycle. Constant C2
has a linear relationship with the stress amplitude and is given by:

(5.9)

where C3 (-1.2649*104) and C4 (0.0244) are the constants determined by the regression
model (SKA).
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Figure 5.11: Comparison of model predictions with experimental results
It can be observed from Figure 5.11 that the SKA model is able to predict the
experimental data much better than the Morrow model for most of the loading conditions.
RMSESKA<RMSEMorrow, where RMSE (root mean squared error) is the metric used to
access the performance. However, the plot shown in Figure 5.11 represents relaxation for
a constant amplitude loading problem. In order to incorporate the effects of variable
amplitude loading in the FALSTAFF spectrum, a weighted average method is utilized.
The slope of the resultant curve can be calculated by the equation given by:
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(5.10)

where xi is the number of cycles for the ith stress amplitude, mi is the slope for the ith
stress amplitude, and l is the total number of stress amplitudes. The stress amplitudes are
the means of the histogram determined from the FALSTAFF spectrum by the rainflow
counting method (20 bins are considered). For 107 cycles (repeated blocks), the resultant
slope mr is found to be -0.317 corresponding to a stress amplitude equal to 443 MPa. As a
conservative estimate, the relaxation corresponding to the maximum stress amplitude
(593 MPa) is compared with that of the weighted averaged amplitude. The resultant curve
is shown in Fig. 13. For 108 cycles, the stress relaxes to up to 23% for the weighted
relaxed model and 36% for the conservative model. Both of these cases will be
demonstrated in the fatigue life prediction.
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Figure 5.12: Prediction of stress relaxation for fatigue analysis
5.6.4 Re-peening analysis
The relaxation of residual stresses needs to be incorporated in the re-peening
process and the state of the residual stresses after re-peening needs to be determined. For
the analysis, the laser peening model is pre-stressed with the relaxed residual stress state
and re-peening is performed on the pre-stressed model. Five cases are considered: single
layer (no re-peening), two layers (no relaxation), and re-peening conducted with 25%,
50%, and 75% relaxation. The residual stress profile on the surface and in the depth
direction for a flat model is shown in Figure 5.13.

	
  

118	
  

	
  

Figure 5.13: Re-peening effect (a) On the surface measured along x-x (b) Along the depth
direction measured at the center of the representative region
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It can be observed that the compressive residual stress on the surface for all five
cases remain nearly the same. However, the compressive residual stress in the depth is
not the same (which is expected). Similar trends are observed for the concave and convex
geometries. Since this research assumes failure to happen on the surface of the material,
the residual stress on the surface after re-peening can be assumed to be equal to the initial
residual stress there. This is supported by the experimental results obtained on Ti-6Al-4V
[80]. The relaxation of the residual stresses after re-peening (once) is shown in Figure
5.14 for the two cases (weighted relaxation and maximum relaxation).

Figure 5.14: Re-peening with relaxation
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5.6.5 Fatigue life optimization with re-peening
The final step is to calculate the fatigue life and determine the optimum time to
re-peen the component. Section 5.3 details the procedure (the stress-life approach) for the
prediction of the fatigue life used in this research. Since calculating the response with
analytical equations requires the minimal cost, an exhaustive optimization scheme is
utilized for finding the optimum solution for single variable optimization problem. The
expected life for an un-peened material is equal to 2.22*106 cycles. The life for a laser
peened model (without any re-peening) for the weighted and maximum relaxation models
is computed to be 2.66*108 cycles and 6.59*108 cycles respectively. With re-peening, the
optimum life is estimated was and determined to be equal to 2.92*108 cycles and
6.95*108 cycles respectively. Figure 5.15 shows the results for optimizing the re-peening
time for the two cases analyzed based on the relaxation models discussed in Section 5.6.3.
The results from the life predictor models with the relaxation models show that the best
time to re-peen the component is ~ 50-55% of the component’s expected life. The
underestimation of re-peening benefit (in comparison with the experimental results [16] )
is associated with the assumption that the material properties remain the same after repeening. A 5% increase in fatigue strength coefficient can result in ~ 150% benefit due to
re-peening.
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Figure 5.15: Fatigue life optimization with re-peening (a) Maximum relaxation model (b)
Weighted relaxation model
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5.7

Chapter summary and conclusions
A computational methodology for conducting re-peening analysis to predict the

optimum re-peening schedule has been proposed. The re-peening analysis can also be
done with analysis of experiments where each block in the framework can be replaced by
individual experiments. The significance of each block in the framework for an accurate
fatigue prediction has been discussed. The analysis of the problem of the fatigue failure
on the aircraft lug details the implemented procedure for obtaining an optimum repeening schedule. The following observations are made from the case study:
(1) The concave model has the highest compressive residual stresses. Therefore, it should
have the highest fatigue resistance. However, the tensile stresses due to applied loading
(FALSTAFF) is the highest in the concave region. The difference in tensile stresses is
much more than the difference in compressive residual stresses for the aircraft lug
problem. Therefore, the concave region should be considered for fatigue analysis.
(2) A regression model similar to the Kodama model is used to predict the stress
relaxation in 4340 medium steel. The model uses the Sorted k-fold Approach (SKA) to fit
the experimental data. Prediction made by the SKA model is better than the MorrowSinclair stress relaxation model. Therefore, it is used for further analysis.
(3) The empirical models for stress relaxation are meant for constant amplitude loading
scenarios. A weighted average scheme is created to accommodate the variable amplitude
loading (FALSTAFF Spectrum) to obtain the slope of the relaxation curve.
(4) The surface residual stress does not change significantly after re-peening in
comparison with the initial peened state. However, the residual stress profiles in the depth
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vary after re-peening. It is also observed that an increase in the percentage of relaxation
results in the decrease of the depth of the CRS.
(5) The stress-life approach has been used to conduct fatigue analysis. This simplistic
approach can be replaced by more sophisticated methods such as the critical plane
approach. The choice of the stress-life approach is based on the availability of material
constants and the easiness to apply to an aircraft lug problem.
(6) This research exhibits the importance of various components for an accurate fatigue
analysis. The choice of material, the real loading scenario, the geometry of the
component, the effectiveness of the residual stresses in the component, the rate of
relaxation, the fatigue behavior, and the re-peening time are all factors that determine the
accuracy of the prediction of the fatigue life of a real component. For the aircraft lug
problem, re-peening at ~50-55% of the effective fatigue life (fatigue life without repeening) of the component might result in the maximum life for the component. It should
be noted that, although the uncertainties arising from each block of the methodology can
result in overestimation or underestimation of the fatigue life, overall this framework
provides useful tools for researchers to use in designing their variables for obtaining the
optimum results.
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Chapter 6
Fatigue Life Optimization with the
Sorted k-fold Approach (SKA)
Complex engineering problems are represented by surrogate models so that the
optimum design points can be found with greater computational efficiency. The LeastSquares Response Surface Methodology (LS-RSM) is one of the most commonly used
approximation models and has been widely applied to optimization problems in the field
of aerospace. In this chapter, we propose a new surrogate modeling technique called the
Sorted k-fold Approach (SKA) with which the entire sample points are sorted based on
the residuals and then grouped into k data sets. Multiple response surfaces are constructed
while one data set used for cross-validating the representative response surface is omitted.
Each response surface is weighted based on how well it can predict the cross-validating
data response. Our investigations reveal that this approach has a higher ability of
obtaining accurate predictions than the LS-RSM when tested at a large number of
validation points. When the method is applied to benchmark problems, the results
maintain to be valid. Therefore, this method will be utilized to maximize the fatigue life
of structural components subjected to laser peening process. A two-step optimization
strategy is implemented to maximize the fatigue life of a laser peened component. In the
first step, a DOE-based surrogate model is created with the Sorted k-fold Approach
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(SKA). This step will maximize the compressive residual stress (CRS) while satisfying
the maximum allowable tensile residual stress (constraint). In the second step, the
maximum CRS will be input into the re-peening formulation for obtaining the maximum
fatigue life when the re-peening time is used as the design variable.
6.1

Sorted k-fold Approach (SKA) Algorithm
Cross-validation approaches for constructing weighted surrogate models have

gained attention from researchers in the recent period. One way of measuring the error of
a model is to look at the root mean square error of the excluded subset of data.
Partitioning methods such as this provide an estimate of the error in each model, but
require an increased amount of data. Therefore, this dissertation proposes using the k-fold
cross-validation approach. By partitioning the original data set using this approach,
multiple metamodels and validation metrics can be developed for the same set of data.
This new surrogate modeling technique, the SKA, is developed by incorporating the kfold sampling approach into response surface modeling. The entire design data is divided
into k bins based on the residual information to create k number of polynomial response
surface models. Each fold of data is used for cross-validation with the remaining data.
Based on the errors obtained from each cross-validated data, weights are assigned to
generate a weighted average surrogate model. The novel SKA can be implemented in
four steps as illustrated below.
6.1.1 Step 1: Creating the base model: the LS-RSM
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The first step is to assume a functional representation of the output response as a
function of n design variables and a set of parameters β. The response surface model has
the form

(6.1)
where
,

is the predicted output response,

and

are the n design variables,

,

,

,… are the unknown regression coefficients. The response surface model can be

written in matrix notation as
(6.2)
where

and

are column vector and row vector of length l respectively.

(6.3)

To estimate β coefficients, we need at least l experiments. Let m be the total
number of data points, where m ≥ l. If the number of β coefficients is equal to m, then
there is a unique solution. The β coefficients can be estimated using least squares
approach as shown in Eq. 6.4
(6.4)
where X is the matrix formed by row vectors

, and y is the vector of observed response

values for m data points. Solution to the inverse problem exists as long as the rows of X
are linearly independent to each other.
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(6.5)

For an over determined problem where m > l, the predicted response might not match the
output response.
6.1.2 Step 2: Sorting the experiments
The second step is to sort the residuals. Residuals (R) refer to the difference
between the predicted response and the actual response.

(6.6)

The residuals for an example problem are shown in Figure 6.1(a). Once sorted,
they will look like what is shown in Figure 6.1(b).
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Figure 6.1: The sorting of the residuals: (a) The initial data set (m=28) (b) The sorted
data set
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6.1.3 Step 3: Using the k-fold cross-validation technique
In the third step, we create k-folds of the sorted data. Each fold can be used as a
cross-validation data while the remaining data points can be used to create k response
surface models. So for the case shown in Figure 6.2(a), the sorted data are divided into
four folds. In order to create Model 1, data points encompassing Fold 2, Fold 3, and Fold
4 are used to construct RSMM1 as shown in Figure 6.2(b). Fold 1 will be used as the
cross-validation data for Model 1. Similarly, we can create response surfaces and conduct
cross-validation for k models. The choice of number of folds can vary based on the
problem as well as the number of data points. When the number of folds is equal to the
number of data points, the solution is the same as the leave-one-out cross-validation
strategy [79]. More discussion about the choice of folds is elaborated in the results
section of this chapter.
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Figure 6.2: k-fold cross-validation (a) Division of data set into k-folds (k=4) (b) Building
RSM for Model 1 (M1)
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6.1.4 Step 4: Creating the weighted surrogate models
Weights are allocated to each response surface based on how well it can predict
the cross-validation data. In this process, the better-predicting models will have higher
weights compared to the ill-predicting models. So the composite model can be defined as
the sum of the product of weights allocated to each model and their corresponding
response surfaces. The SKA model is weighted in the following manner:

(6.7)

In this equation,
number of folds,

denotes composite response surface model, k is the total

is the weight assigned, and

is the response surface generated for

the ith model respectively. The weights are assigned based on the mean squared error
(Ems) prediction of each model with respect to the cross-validation data. This is given by

(6.8)

where Ems is calculated as

(6.9)

where m is the total number of data points used to create the response surface.
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6.2.

Methodology validation and characteristics of the SKA

6.2.1 The validation process
A validation process is utilized to demonstrate the usefulness of the method. In
this paper, the predictions made by the SKA are compared with the LS-RSM and another
recently developed method, the Weighted-Stack Response Surface Methodology (WSRSM) [109]. The SKA is developed as an extension of WS-RSM with similar strategies
in the construction of weighted surrogates while considering a sorted set of data points
instead of a random set. The first step is to construct the response surfaces for all three
models. Then validation points are generated to check the accuracy of each surrogate.
The performance criterion used here is Root Mean Squared Error (RMSE). The effect of
random sampling can be reduced with the use of multiple sets of data. Therefore, steps 1
and 2 are repeated for ‘i’ iterations. Therefore, RMSE for each model can be calculated
for each iteration with the use of Monte Carlo integration at a large number of validation
points.

(6.10)

In this equation, v is the total number of validation points and

is the output

response for the validation points. Finally, the effectiveness of each surrogate can be
determined with respect to another by a measure called percentage efficiency. It is
defined as a ratio of total number of more accurate predictions to the total number of
iterations.
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(6.11)

For example, in the case where the percentage efficiency of the LS-RSM versus
the WS-RSM is 70 % for 10 iterations, the LS-RSM gives 7 lower RMSE compared to 3
by the WS-RSM.
6.2.2 Benchmark problems
Four test cases of analytical benchmark problems are illustrated in this section,
namely the one-variable function, the two-variable function, the Branin-Hoo function,
and the cantilever beam bending function.
1.

Test case 1: one-variable function [114]
(6.12)

2.

Test case 2: two-variable function [70]
(6.13)
where

3.

Test case 3: Branin-Hoo function [115]
(6.14)

where
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4.

Test case 4: cantilever beam function

A structural problem of beam bending is used here to compare the various RSMs, as
shown in Figure 6.3. The highly non-linear equation for the maximum deflection of the
beam subjected to a tip load P is represented as shown in Eq. 6.15. This problem is
comprised of five design variables. The bounds of the design variables are listed below.

Figure 6.3: Five-variable non-linear problem: bending of a cantilever beam

(6.15)
where 9 < P (N) < 11
0.9 < l (m) < 1.1
180 < E (GPa) < 220
1.8 < b (cm) < 2.2
1.8 < h (cm) < 2.2
In all the validation cases, the performance of each surrogate model is evaluated
based on their RMSE from randomly generated data points. The randomly sampled data
follow a uniform distribution in all these cases. Optimal Latin hypercube sampling
technique is also used to generate the initial data points. Both yield similar results, which
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indicate that the method is not pertinent to a particular sampling technique. The number
of validation points chosen is 10,000 since increasing it further does not affect the results
significantly. A ten-fold SKA is built for all the benchmark problems. Second-order
polynomial response surface models are employed for all the problems except for the
one-variable function (third-order polynomial). It can be observed that the SKA has a
higher chance of predicting accurately (higher percentage efficiency) in comparison to
the LS-RSM and the WS-RSM as illustrated by the four cases in Figure 6.4. In each case,
each fold is comprised of the same number of data points. The selection of different
forms of component surrogates also gives similar results indicating the workability of the
algorithm irrespective of a particular surrogate.
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Figure 6.4: Percentage efficiency versus number of data points (a) One-variable function
(b) Two-variable Function (c) Branin-Hoo Function (d) Cantilever beam function
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6.2.3 Parametric analysis of the SKA versus the LS-RSM
1.

Effect of number of variables
The Rosenbrock function can be extended to multiple dimensions in order to

assess the performance of the optimization algorithms [116]. The test problem is defined
as follows.

(6.16)
where
The superior performance of the SKA can be observed for this function too as
illustrated in Figure 6.5. Three cases are investigated: n= 5, 10, 15, where n is the number
of variables. Since the numbers of data points chosen for the three cases are different, an
m/l ratio is considered for comparison (m is the number of data points, l is the number of
regression coefficients).
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Figure 6.5: Effect of number of variables for the extended Rosenbrock function
2.

Effect of number of folds and data points
Deciding on the number of folds is an important parameter while constructing the

SKA response surface model. Figure 6.6(a) shows the effect of folds for a two-variable
problem (Eq. (6.10)) comparing the percentage efficiency of the SKA with respect to the
LS-RSM. As the number of folds is increased, there is a significant improvement of
accuracy of the prediction by the SKA. However, once a threshold is reached (k=10), no
significant improvement can be obtained. In fact, the percentage efficiency is found to
decrease slightly when the number of folds approaches the number of data points. For a
large number of data points, the percentage efficiency converges to 50 % when the
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number of folds equals the number of data points. A similar trend has been observed in
other benchmark problems as well. Selecting a range of five-fold to ten-fold has been
found to be the best option for most of the problems investigated.
We can observe from Figure 6.6(b) that, compared to the LS-RSM, the percentage
efficiency of the SKA increases initially as the number of data points is increased. The
efficiency starts to decline after reaching a threshold, but the decline is moderate in
comparison to the steep slope during the initial increase of the data points.
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Figure 6.6: Characteristic analysis for two-variable function (a) Effect of number of folds
(b) Effect of number of data points
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6.3

Multi-variable fatigue life optimization of an aircraft lug

6.3.1 Design variables
The optimization problem in consideration is a multi-shot laser peening procedure
applied on a concave surface of an aircraft lug. The material properties of 4340 steel are
used for this analysis (Chapter 5). The design variables considered are re-peening time
(R), peak pressure (P) and mid-span duration (t) of laser peening pulse, and percentage
overlapping (O) of the laser spots. A brief description of the design variables and the
choice of design bounds are explained as follows:
1.

Re-peening schedule (R)
Re-peening is believed to increase the fatigue life by delaying the crack

nucleation as well as the propagation of structural components. Since peening multiple
times during a component’s life can be a costly process, we assume that re-peening is
conducted once during the lifetime of the component. Therefore, the bounds for repeening time can be any time during the component’s life time and is represented in
problem formulation. Cyclic loading leads to relaxation and redistribution of the residual
stress field. These factors influence the fatigue life during re-peening. The analysis of repeening is detailed for better prediction of the fatigue life, as illustrated in Chapter 5.
2.

Peak pressure (P)
Plastic deformation occurs only if the peak pressure pulse is at least 1 HEL

(Hugoniot Elastic Limit), which is a function of dynamic yield strength. A very high peak
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pressure can lead to spallation of the material resulting in reduction of fatigue life. Hence,
the bounds for the peak pressure (3 GPa - 6 GPa) have been chosen accordingly.
3.

Mid-span duration (t)
In the experiments, the laser beam mid-span duration normally varies between 10-

30 ns. The pressure pulse mid-span duration is approximately 2 to 2.5 times that of the
laser beam mid-span duration. Therefore 20 ns and 60 ns are taken as upper and lower
limits for the mid-span duration. The temporal pressure profile input to the simulation
box can be approximated by seven representative points as shown in Figure 6.7. Point 5
is used to define the mid-span duration while keeping point 4 constant. The bounds for
point 5 is calculated with a two-point formula and are found to be 30 ns and 90 ns.

Figure 6.7: Temporal pressure profile taken for optimization
4.

Percentage overlap (O)
Percentage overlapping is another important parameter to be considered while

modeling for maximum fatigue life. Laser peening without proper overlapping
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instructions can lead to the formation of tensile stresses and can even cause premature
failure of the laser peened component. Increasing the percentage of overlapping has been
found to have a direct correlation with higher CRS and hence a bound of 40% to 80% is
considered.
6.3.2 Optimization strategy
The choice of cost function is based on the major output of the simulation, which
is to obtain the maximum fatigue life. A two-step optimization strategy is followed in this
chapter as shown in Figure 6.8.

Figure 6.8: Multi-step optimization strategy
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6.3.3 Optimization results
1.

Step 1: CRS Optimization

The problem statement is given by:
Maximize f(x), f(x) = Compressive Residual Stress
subject to g(x) ≤ 100 MPa, g(x) = Allowable Tensile Residual Stress
where the bounds of the variables are given by:
3 GPa ≤ P ≤ 6 GPa, P – Peak pressure
30 ns ≤ t ≤ 90 ns, t – Mid-span duration
40% ≤ O ≤ 80%, O – Percentage Overlap
A DOE-based solution method (Sorted k-fold Approach) is developed to create
the surrogate models for f(x) and g(x). Peak pressure (P), percentage overlapping (O),
and mid-span duration (t) are used to construct the surrogates for CRS optimization. All
these variables are quantitative in nature and have been proven to make a significant
difference in the compressive residual stress (σCRS) generated on the surface of the
component as well as the tensile stress generated inside the material (σTRS) [113]. The
data set to be utilized in the metamodels is obtained through latin hypercube sampling
(lhs) to obtain 30 data points. The tabulated laser peening simulation outputs with design
input parameters based on the design bounds are shown in Table 6.1.
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Table 6.1: Design of experiments

Test
No.

P
(GPa)

O
(%)

t
(ns)

σ
(MPa)

σ
(MPa)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

5.79
3.87
3.48
3.58
3.96
5.31
5.27
4.81
5.68
5.75
5.07
3.64
3.32
4.66
3.20
5.87
4.77
5.58
5.97
3.12
4.04
4.13
3.21
5.61
4.65
3.05
4.43
5.42
3.75
4.68

68.94
44.18
74.22
56.82
47.07
66.06
64.74
69.67
58.04
60.18
51.38
40.67
55.70
78.35
78.85
53.42
63.47
42.70
62.02
71.98
59.17
75.30
41.86
72.76
45.39
50.62
66.82
53.32
77.62
72.38

44.86
37.90
65.65
45.35
73.57
63.25
55.03
56.45
49.06
51.68
35.20
70.40
40.20
83.51
32.03
81.70
86.11
39.55
41.14
69.97
72.10
66.47
60.82
48.24
33.36
54.79
76.21
80.72
88.73
76.18

-793
-434
-434
-469
-166
-725
-490
-620
-554
-623
-419
-305
-395
-719
-299
-250
-369
-139
-744
-362
-465
-472
-275
-820
-423
-234
-516
-253
-459
-541

206
84
108
97
119
195
188
179
218
209
190
87
57
139
55
208
142
184
210
71
142
130
54
178
130
49
165
203
95
136

CRS

TRS

A quadratic polynomial response surface model is considered for this analysis,
which requires determining ten regression coefficients. The surrogates for the objective
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function and constraints are constructed with the ten-fold SKA, and are given by Eqs.
6.17 and 6.18 respectively.

(6.17)

(6.18)

The optimized results are given by: P = 3.97 GPa, O = 80%, t = 30 ns, σCRS = -542
MPa, σTRS = 100 MPa. An extra simulation is run at the optimized design point which
yields σCRS = -511 MPa, σTRS = 103 MPa, very similar to the predicted result. Therefore,
this result is used for the second phase of the optimization problem.
2.

Step 2: Optimization of the re-peening time
The maximum CRS (σCRS = -511 MPa) obtained for the aircraft lug problem can

be directly used as the mean stress for fatigue analysis. The steps for the re-peening
optimization procedure have been discussed in chapter 5. Since analytical equations are
used in fatigue life calculation with the stress-life approach, exhaustive optimization
scheme is again employed similar to Chapter 5. Figure 6.9 shows the fatigue life versus
re-peening schedules for the two relaxation models discussed in Section 5.6.3. The results
from the life predictor models with the relaxation models show that the best time to repeen the component is ~ 55% of the component’s expected life.
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Figure 6.9: Fatigue life optimization with re-peening (a) Maximum relaxation model (b)
Weighted relaxation model

	
  

149	
  

	
  

6.4

Chapter summary
In this chapter, the Sorted k-fold Approach is developed for constructing an

efficient surrogate model based on weighted averaging scheme. This algorithm combines
sorted residuals, k-fold cross-validation, and weighted surrogates to predict a superior
surrogate model without any additional cost of experiments. The predictions made by the
constructed model is compared to the LS-RSM and the WS-RSM. The root mean squared
error is the performance criterion used for comparison. The SKA outperforms all other
surrogate types in terms of approximation accuracy. Although the LS-RSM gives better
predictions than the SKA for the initial data set used in the construction of response
surface, when an independent data set is used to represent the entire design domain, the
SKA predicts more accurately than the LS-RSM. The performance of the method is
evaluated on a series of benchmark problems. Also, the applicability of the surrogate to
multiple dimensions is investigated. In all these cases, the SKA makes more accurate
predictions than the LS-RSM. A two-phase optimization strategy is employed to obtain
prolonged fatigue life of an aircraft lug. In the first phase, a three-variable RSM is
constructed with the SKA for both objective function and the constraint to conduct CRS
optimization. The predicted CRS matches the simulation results closely. In the second
phase, the optimum CRS is input into re-peening optimization routine, which predicts the
best time to re-peen the component for maximum fatigue life.
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Chapter 7
Summary of the Research and Future Work
7.1

Research summary
The first goal of the research is to determine the influence of curved geometries in

the laser peening process. The residual stress distribution for the curved geometries is
found to be significantly different from that of a flat geometry. It is found that convex
geometries have the lowest CRS while concave geometries have the highest. A trend is
observed on the surface as well as in the depth direction: CRSConvex < CRSFlat <
CRSConcave.	
   The simulation results for the curved geometries are explained based on the
shock wave propagation inside the peened material. Plane waves as well as release waves
can cause plastic deformation in the peened component. The action of release waves
(predominantly Rayleigh waves) is the primary reason behind the differences observed. A
near-linear relationship is observed between the CRS and curvature: a monotonically
increasing CRS for concave geometries and a monotonically decreasing CRS for convex
geometries. It is found that the energy density experienced in curved geometries follows a
near-linear relationship with respect to the curvature of the component. Analytical
formulations are derived to support the argument.
Secondly, the optimum parameters to laser peen a structural component in order
to maximize the component’s fatigue life have to be determined. The fatigue loading can
cause the residual stress to relax; hence, the relaxation step should be considered to give a
good prediction of the fatigue life. By conducting re-peening, we will be able to increase

	
  

151	
  

	
  

the fatigue life of the component. A computational framework is created incorporating
the key constituents impacting the life such as load spectrum, residual stress relaxation,
and re-peening for the laser peening process to predict an optimal re-peening schedule to
improve the fatigue life.
Finally, an advanced surrogate modeling technique called the Sorted k-fold
Approach is developed for the optimization process. A two-step optimization strategy is
adopted for the fatigue life optimization of an aircraft lug component. The strategy
employs laser peening process parameters, residual stress relaxation, as well as repeening schedule as design variables. It is observed that re-peening the component
around 55 % of its initial fatigue life yields the maximum fatigue life for the structural
component.
7.2

Research Contributions
The main contributions of the research are:
1. Establishes the significance of curved geometries by illustrating the
differences observed in residual stress behavior of them in comparison with a
flat geometry subjected to laser peening [107]
2. Identifies the influence of shock waves in creating the “reduced plasticity”
phenomenon that results in the different residual stress profiles with respect to
component curvature [90, 114]
3. Derives analytical equations to prove the linear relationship observed between
the compressive residual stresses and curvature [116]
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4. Develops the modified explicit simulation procedure which has tremendous
computational efficiency as the conventional explicit-implicit simulation
procedure without losing accuracy [90]
5. Explains the reason why laser peening can be modeled as a mechanical
process rather than a thermo-mechanical process by demonstrating the
minimal influence of temperature within its operating conditions
6. Creates a framework for determining the optimal time to re-peen the structural
component for its maximum life [115]
7. Creates FEA models for predicting the cyclic stress relaxation under LCF
regime
8. Developed a superior surrogate modeling technique called the Sorted k-fold
Approach which has better performance in comparison with the LS-RSM
[108]
7.3

Future work
1. Multiple models exist for predicting cyclic stress relaxation for a component
undergoing fatigue loading. The predictions made by these models can vary
significantly. Therefore, uncertainty quantification of the fatigue life due to
model form uncertainties existing in stress relaxation models and fatigue life
models should be considered to calculate the confidence bounds of the fatigue
life.
2. Current research concentrates only on the crack initiation process due to
fatigue loading on a laser peened component. Future work should also
consider fatigue crack growth of curved components subjected to the laser
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peening process. Also, the simplistic S-N approach can be replaced by multiaxial fatigue analysis.
3. Development of an advanced kriging model called “k-fold kriging” is in
progress. In this model, the stochastic term remains the same while the
deterministic prediction made by the polynomial RSM is replaced by the RSM
created by the SKA. Initial results indicate that the k-fold kriging model
predicts better than the ordinary kriging when measured in the entire design
space. The comparison of these kriging models for a one-variable test function
is shown in Figure 7.1.

Figure 7.1: Comparison of kriging models
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Appendix
Prediction of residual stress relaxation with FE Models
A.1

Introduction
In this research, we predict the relaxation behavior when material yielding occurs

due to the combined effect of residual stresses and applied loading. Finite element
method is used to predict the relaxation behavior. There are four steps in predicting the
stress relaxation: The first step is to choose an efficient hardening law. Constitutive
models have to be robust enough to represent the relaxation mechanism. The mixed
hardening model has been very useful in accounting the Bauschinger effect, a
phenomenon that refers to the reduction of flow stress after a reversal in strain direction
that makes even lower applied loads able to generate additional plastic deformation in the
material. Experimental test for the chosen material is used to obtain the material constants,
and can be directly input into the simulation to replicate the stress-strain behavior. Once
experimental data are obtained, we can conduct the finite element laser peening
simulation on the fatigue specimen to obtain the residual stress profile for analysis. In this
research, we are considering an axial fatigue problem, and a simplified constant load
spectrum is chosen in order to clarify the dependence of applied load on the relaxation
behavior.
A.2

Obtain empirical data for calibration
In order to conduct the numerical simulation, we require material parameters

defining the hardening model. An axial fatigue problem is considered. Boyce conducts
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strain-controlled test to measure the cyclic stress-strain behavior of Ti alloy [66]. The
experimental specimen and the stress-strain behavior are shown in Figure A1.

Figure A1: Strain controlled tests (a) Specimen geometry (b) Cyclic stress-strain behavior
of Ti-6Al-4V
Boyce measured the stress-strain behavior for 5 cycles, and a functional fit to the
data yields the parameters which can be directly input in to ABAQUS to define the
hardening behavior of the material. The hardening law is given by Eq. A1 and A2. The
hardening parameters are calculated from the experiments and are tabulates as shown in
Table A1.

(A1)
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(A2)
Table A1: Hardening parameters for the simulation

Hardening	
  
Parameters

A.3

C

γ
11

1.38x10

635

FE Modeling of stress relaxation
The numerical modeling can be broken down into two steps. The first step is to

laser peen the specimen to obtain the residual stress field. The importance of curved
geometry is taken into consideration while modeling the residual stress imparted to the
specimen. To make a good representation of the real problem, multi-shot laser peening
with overlapping is conducted on a 3D convex model and the individual stress
components for each element are imported into the 2D axisymmetric FE model as
prestress. This task of modeling the initial residual stress field is performed with the use
of SIGNI.f, a user subroutine in abaqus. Step 1 is shown in Figure A2.
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Figure A2: Initial residual stress state
The second step is to apply fatigue load on the laser peened specimen. Variable
amplitude loading such as that obtained from falstaff can be used to describe the loading
spectrum. But for the simplicity of the procedure of calculating the cyclic response due to
loading magnitudes, constant amplitude loading is considered for this research. Step 2 is
shown in Figure A3.

Figure A3: Numerical prediction of stress relaxation due to applied cyclic loading
A.4

Results and discussion
Residual stress response for a maximum stress of 200 MPa and completely

reversible loading are shown in the Figure A4 along the longitudinal and transverse
directions. The red line in both graphs represents the initial residual stresses. We can
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observe significant relaxation in both directions. The relaxation phenomenon is dominant
in the initial cycles and gradually there is no change in the residual stresses after a certain
number of cycles. We can not only see relaxation of compressive residual stresses, but
also the relaxation of tensile stresses as we move along the depth. These trends correlate
well with the experimental results conducted on shot peening fatigue specimen.
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Figure A4: Cyclic response of residual stresses undergoing fatigue loading along (a) the
longitudinal direction (b) the transverse direction
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Figure A5 shows the residual stress in the longitudinal and transverse directions
for a completely reversible loading condition with different maximum stresses. We can
observe that, as the maximum stress gets higher, relaxation becomes significant in both
directions. For a repeated loading case scenario, the relaxation effect is minimal. This
indicates that compressive loading is the driving force for the relaxation of residual
stresses produced by methods like laser peening.
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Figure A5: Stress relaxation under different loading scenarios
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A5

Summary
Numerical models are constructed in ABAQUS© to simulate the relaxation

behavior of laser peened residual stresses in Ti-6Al-4V. Three dimensional multi-shot
laser peening is conducted on a concave specimen representative of the gauge section of
the fatigue specimen. The residual stresses obtained from laser peening are used in the
two-dimensional axisymmetric model as an initial residual stress field. The experimental
results obtained from a strain-controlled test for an axial fatigue problem are used to
construct a mixed hardening model representing the cyclic hardening behavior of the
material. The results from the simulation models indicate that relaxation has a significant
effect, especially in the initial cycles for the axial fatigue problem, at higher load levels,
while minimal relaxation is observed at lower load levels. The effects of relaxation in
different loading conditions are investigated. It is found that the compressive fatigue
cycles play an important role in the relaxation of compressive residual stresses.
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